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CHAPTERI

INTRODUCTION

I.I General Statement of the Problem

Turbulent flows containing a dispersed phase, e.g., partlcles,

drops, or bubbles, are often encountered during the design of heat

transfer, mass transfer, and combustion equipment. For example, in

gas turbine combustors, liquld fuel |s generally sprayed into a

turbulent swirling recirculatlng flowfield where the liquid breaks up

into droplets, evaporates, and reacts. Because of the high cost of

designing combustors, there is substantial interest in developing

computer models of this very complicated two-phase flow. A better

understanding of the fundamental processes involved in these flows can

be used to improve current computer models and subsequently enhance

the ablllty to accurately predict flow properties.

While understandlng the entire spray combustion problem is the

eventual goal, a simpler problem is considered here. The present

study is limited to the Investigation of particle-laden weakly

swirling free jets. For this case, the only interaction between the

two phases is the exchange of momentum. The arrangement considered

consisted of axisymmetric weakly swirling air jets containing

particles, which are injected downward into stagnant air. The swirl

number was limited to 0.4 or less so that a recirculation zone is not

formed and the boundary-layer approKimations can be made. Major

Features of the flow that are of interest during the present



investigation include: the velocity distribution of both phases, the

distribution of void fraction, and particle concentrations. The

continuous phase is turbulent; therefore, local velocity fluctuations

and Reynolds stresses are important parameters since they control the

rate of spread of the continuous phase and the entrainment of ambient

air into the jet. The particles interact with the turbulent

continuous phase and exhibit random processes as a result; therefore,

both the mean and fluctuating properties of the particle phase are of

interest. Turbulent dispersion of particles, i.e., the motion of

particles due to their interaction with turbulent eddies, is important

since it strongly influences the spread of the particles. Finally,

particle concentrations are valuable since they reflect the mixing

properties of the flow.

The present study attempts to resolve some of these features

emphasizlng new measurements in weakly swlrling particle-laden flows.

Predictions are also considered, both to help interpretation of the

measurements and to initiate evaluatlon of methods to analyze flow

properties. The following section will briefly describe previous

studies of two-phase flows which are related to the present study.

1.2 Related Studies

1.2.I Single-Phase Swirling Jets

S|ng|e-phase swirling jets have been studied by a large number of

investigators. Earlier experimental studies of swlr]ing jets have

been reported in Refs. ] - 13. Theoretical analysis of some aspects



of swirling flows is described by Murthy (14)* The present

discussion will primarily concentrate on previous studies of

unconfined swirling jets.

In the experimental studies reported in Refs. I - 12, swirl has

been generated by various methods. Rose (I) and Pratt and Keffer (2)

generated a swirling jet by rotating a round tube which was passing a

fully developed flow. Mathur and Maccalum (3), Kerr and Fraser (4),

and Sislian and Cusworth (5) used swirlers to generate the tangential

component of velocity for their swirling flows. Tangential air

injection into an axial flow has also been frequently used (6 - 11).

Gouldin, et a1. (12) utilized both swirlers and tangential air

injection. For the earlier experimental studies (3, 4, 6 and 9),

pitot probes were used to measure velocities: therefore, only mean

velocities were reported. Hot-wire anemometry has also been used to

measure both mean and fluctuating velocities (I, 2, 7, 8, and 11).

Later studies used nonintrusive laser-Doppler anemometry (LDA) to

measure mean and fluctuatlng quantltles (5 and 12).

A measure of the amount of swirl in a flow is given by the swirl

number. The swirl number is the axial flux of angular momentum

divided by the axial flux of axial momentum multlplied by a

representative length (15). For a constant density free jet in

stagnant surroundings, neglecting effects of fluctuating veloclties,

the swirl number can be calculated from the following expression:

*Numbers in parenthesis denote references.
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S = -- ................. (I.I)

The swirl number, S, is a conserved property of the flow if the

ambient conditions are stagnant, i.e., if the ambient turbulence

intensity and angular velocity are zero and there is no imposed

longitudinal pressure gradient. As discussed in Ref. 15, the swirl

number is an important parameter of a swirling flow. For swirl

numbers less than about 0.6, the adverse pressure gradient caused by

the tangential velocity decay is not strong enough to cause a reversal

of the axial velocity. Such flows are called weakly swirling flows

and have been analyzed using the boundary-layer approximations (10 and

11). As the swirl number increases, the rate oF growth, the rate of

entrainment of ambient fluid, and the rate of axial velocity decay a11

increase. At swirl numbers above about 0.6, strong axial and radial

pressure gradients are present which cause a recirculation zone to be

formed along the axis. As discussed in Ref. 15, these flows are

governed by e11iptic partial differential equations.

Lee (16) reports an early theoretical analysis of unconfined,

asymmetric, turbulent swirling jets, based on similarity of axial and

swirling velocity profiles, as well as lateral entrainment. The

comparison between predictions and the measurements of Rose (I), For

mean values of axial and angular velocity at an axial distance of

three pipe diameters downstream of the jet exit, were reasonably



good. Several computer models of tuFbulent swirling jets have been

reported (lO, l], and 17 - 22). A study, reported by S]ddhartha (lO),

used a parabolic marching procedure with a turbulence model based on

the Prandtl mixing-layer hypothesis to predict both free and confined

weakly swirling jets. Lilley (18) used an identical parabolic code

with a mixing-length turbulence model that was empirically modified to

account for anisotropy. Later studies have employed more advanced

turbulence models. Koosinlin and Lockwood (22) used an algebraic-

stress turbulence model to predict swirling boundary-layer flows.

Norse (ll) predicted the structure of weakly swirling turbulent free

jets with a full Reynolds-stress turbulence model. His predictions,

using the full Reynolds-stress model, did not show any better

agreement with experimental data than much simpler mixing-length

formulations. This Reynolds-stress closure has recently been

modified, however, by Gibson and Younis (23) to improve its

performance in swirling jets. E11iptic type calculations of swirling

flows, using the two-equation k-c turbulence model, can be found in

Refs. 17 and 19 - 21.

Swirling flows are very important in combustion applications.

Studies of combusting swirling flows can be found in Refs. 13 and 24 -

26.

1.2.2 Particle-Laden Flows

Previous research on particle-laden flows is quite extensive. A

comprehensive discussion early work in this area can be found in Soo



(27). More recent reviews of particle-laden flows can be found ir_

Refs. 28 - 30. Since experimental studies of two-phase flows are very

numerous, the present discussion will be mainly limited to recent

studies of particle- or droplet-laden jets. Yuu et al. (31) studied

particle-laden jets containing fly-ash particles (15 to 20 pm in

diameter) injected into stagnant air from a nozzle designed to produce

a uniform outlet velocity. Gas-phase mean velocity and particle

concentration measurements were reported. McComb and Salih (32 and

33) measured particle concentrations of 2.3 and 5.7 pm diameter

particles injected into stagnant air, using laser-Doppler anemometry

(LDA) techniques. Popper et al. (34) used LDA techniques to measure

velocities of oil droplets whose diameters were estimated to be less

than 50 wm: the jets of oil droplets and air were injected into still

air from a nozzle designed to produce a uniform velocity at the exit;

the mass-loading ratio of droplets to air for their flow was limited

to an extremely low value of O.OOl. Levy and Lockwood (35) measured

mean and fluctuating velocities of both the gas phase and particles,

using LDA, for a round jet discharging Into still air: the injection

pipe was 40 diameters long in order to obtain approximately fully

developed turbulent flow at the exit; the particles used were

relatively large sand particles, in the range of 215 to 1060 pm in

diameter; while mass-loading ratios were fairly high and ranged from

l.l to 3.5. Modarress et al. (36 and 37) used a two-color LDA to

measure mean and fluctuating velocities of both the particle and gas



phases: their experimental configuration consisted of a round let

discharging into a low velocity co-flowing airstream within a duct,

with particles consisting of glass beads, 50 and 200 pm in diameter,

and mass-loading ratios of 0.32 to 0.85. Shueneta]. (38 - 40),

Shuen (41) and Zhang et al. (42) reported measurementsof a

particle-laden round jet discharging into a stagnant environment using

three sizes of sand particles (79, 119, and 207 pm in diameter) and

various loading ratios, while employing LDAto measure the velocities

of both phases. Solomonet al. (43 and 44) reported measurementsin a

nonevaporating spray of vacuum-pumpoii from an air-atomizing

injector, using a double-flash photographic technique to measure

droplet velocities and LDAto measuremeanand fluctuating velocities

of the continuous phase. Evaporating sprays were studied by Solomon

et al. (45), while measurementsof combusting monodlsperse droplets

were reported by Shuenet al. (46 and 47): LDAwas used to measure

velocities of both the droplets and the continuous phase in both these

studies.

The above experimental studies show that partlcles or drops exert

an influence on the contlnuous phase, decreaslng the spreading rate of

the jet and the centerline velocity decay of the continuous phase.

The size of the particles, as well as the 1oadlng ratio, had an effect

on the interaction between the turbulent continuous phase and the

particles.



Previous studies of particle-laden swirling flows are relatively

scarce, e.g., no experimental studies could be found in tile

literature. A few numerical studies have been vepoFted (48 to 51).

During and Suo (48) obtained solutions for particle trajectories in a

free-vortex swirling flow. Domingos and Roriz (49) predicted the

trajectories of evaporating or burning droplets in known gas

flowfields. Seleznev and Tsvigan (50) performed numerical

computations for a swirling gas with condensed droplets in an

expanding channel, treating the gas and droplets as interpenetrating

media. Finally, Hamed (51) reports particle trajectory calculations

in a flow field with swirling vanes. Effects of particle impacts

against the swirler vane surfaces were considered, however,

interactions between particle trajectories and the gas phase were

ignored. More details concerning computer models of two-phase flow

will be discussed in the next section.

1.2.3 Analysis of Partlcle-Laden Flow

Various computer models have been developed for two-phase flows.

One-dimensional and lumped-parameter models are discussed in an

earlier review by Faeth (52) and will not be considered here.

Subsequent reviews of recent two-phase flow models, applicable to

sprays, have also been presented by Faeth (53 and 54).

1.2.3.1. LHF models. - There are two major types of two-phase

flow models. The first involves use of the locally-homogeneous-flow

(LHF) approximation where the drops or particles and the gas phase are



treated essentially as a single phase. Interphase transport rates are

assumedinfinitely fast under the LHFapproximationt therefore, both

phases have the sametemperature and velocity and are also in phase

equilibrium at every point in the flowfield. The LHFmodel

corresponds to a single-phase variable density flow. The LHF

approximation is strictly accurate only at the limit of infinitely

small particles.

LHFmodels have been extensively used to predict two-phase flows

because of their relative simplicity and the modest information

required to specify initial conditions, e.g., detailed specifications

of initial conditions for the particles are not required.

LHFanalysis of a variety of two-phase flows can be found in

Refs. 38-47 and 52-56. In general, effects of finite interphase

transport rates usually resulted in LHFmodel predictlons that

overestimated the rate of development of the flow. LHFmodel

predictions were only satisfactory for flows contalning small tracer

particles, where characteristic response times of the particles were

small in comparison to all characterlstlc response tlmes of the

continuous phase.

1.2.3.1. SF models. - The second type of model considers finite

transport rates between the phases and is termed a separated-flow

model. Many separated-flow (SF) models have been proposed. A few are

described in Refs. 38 - 49 and 51 - 54, and 57 - 73.

9



According to a recent review by Crowe (57), separated-flow models

of dilute particle-laden gas flows can be divided into two groups,

two-fluid and Lagrangian models. Two-fluid models regard tile

conveying and particulate phases as two interactive fluids similar to

the two species in a binary mixture. A major disadvantage of this

approach is that in order to consider more than one particle size,

each size category must be treated as a separate fluid. This can

demand a considerable amount of computer storage. An example of the

two-fluid approach is given by Melville eta]. (58). The Lagrangian

approach is based on the "Particle-Source-In-Cell" (PSTC) technique

reported by Sharma and Crowe (59). The PSIC approach is based on

treating the particles as sources of mass, momentum, and energy to the

gaseous phase. Particle trajectories are calculated in conjunction

with a Eulerian continuous-phase solutlon.

An advantage of Lagrangian trajectory calculations is the absence

of numerical diffusion of the particles. If the Lagrangian

calculation is carried out using mean values of the continuous phase,

the partlcles follow deterministic traJectorles similar to the

behavior of particles in a laminar flow. This type of analysis is

termed a deterministic separated flow (DSF) model. Examples of DSF

models are given in Refs. 38 - 47 and 53 - 54. In general, DSF models

tend to underestimate the rate of dispersion of the particle phase.

Tn addition, no information regarding the statistical properties of

the particle phase is provided by a DSF model.

10



Various methods have been considered in order to treat the

dispersion of particles by the turbulent fluctuations of the

continuous phase. One method, first proposed by Jurewicz (60), is to

use an effective diffusion force that is dependent on the particle

concentration gradient in the particle motion equation. This requires

an effective diffusion coefficient for which no reliable information

is currently available. Another technique used to model the turbulent

dispersion of particles is based on Monte Carlo methods and is termed

the stochastic separated flow (SSF) method. In the SSFapproach, the

turbulent gas-phase flow field is modeled as a steady flow with

superimposed randomvelocity fluctuations. Particle trajectories are

then computedby randomly sampling the turbulent properties of the

gas-phase flow field. This procedure eliminates the need for an

effective diffusion coefficient, howevermanyparticles must be

considered in order to provide a valid statistical sample.

A numberof methods have been employed to model the meanflow and

turbulence propertles of the continuous phase for SSFmodels. Some

applications of the SSFapproach used slmplifled descriptions or

empirical correlations of turbulence properties (61 - 63). More

comprehensive treatments have utilized a turbulence model to provide

the instantaneous properties of the continuous phase. Peskin and Kau

(64) simulated a particle-laden flow in a rectangular channel using a

large-eddy simulation (LES) model. The LESturbulence model involves

II



simulation of the three-dimensional, time-dependent, Navier-Stokes

equations which requires substantial computer time. The well-known

two-equation k-c turbulence model, developed at Imperial College

(74), has been used most often (38 - 47, 53, 54, 65 - 67). This is

due to the lack of versatility of algebraic models, the substantial

computational requirements of LES, and the relatively early state of

development of algebraic stress and full Reynolds-stress turbulence

models. A coherent body of research on two-phase flows is reported in

Refs. 37 - 47. SSF model predictions based on the k-c turbulence

model and the turbulent dispersion approach first proposed by Gosman

and loannides (66) are presented for a variety of two-phase flows.

The present work extends the methods reported in Refs. 37 - 47 to

weakly swirling jets.

1.3. Speclflc Problem Statement

Information on the structure of two-phase, turbulent, weakly

swlrllng Jets Is needed to improve our understanding and advance

methods of analysis of two-phase flows.

The previous review of the 11terature has shown that signlficant

progress has recently been made toward developing methods of

estlmating the properties of two-phase flows. However, the rate of

development of two-phase flow models has outpaced available

experimental data. In particular, no data are currently available for

two-phase flows with swirl. Since swirling flows have many important

practical applications, this is an important area of research.

12



The present study seeks to provide new information concerning

swirling particle-laden flows. Measurementsof meanand fluctuating

properties of both the continuous and dispersed phases were undertaken

in turbulent, weakly swirling jets. Predictions were also undertaken,

based on locally homogeneousflow, deterministic separated flow and

stochastic separated flow models that are typical of their current

state of development. The predictions were used to help interpret the

measurementsand to initiate eva]uatlon oI methods to analyze swirling

particle-laden flows. Specific objectives of the study were as

follows:

]. Measure the structure of particle-laden weakly swirling jets

injected into stagnant air. Measured properties include: mean and

fluctuating velocities of both phases, and the distribution of

particles in the flow field.

2. Modify existing locally homogeneous flow, deterministic

separated flow and stochastic separated flow models of dilute

particle-laden flows so that they can be applied to weakly swirling

flows.

3. Compare model predictions with experlmental data obtained

during the present study and use these results to interpret

measurements and to guide further model development.

Measurements were limited to relatively monodisperse, dilute,

particle-laden free jets. This allowed the use of nonintrusive

laser-based methods for velocity measurements of both phases, since

13



spurious scattering of the laser beamswas modest and particle size

was known. Boundary conditions for the experiment were well defined.

Experiments were conducted by injecting an air jet containing solid

glass spheres downwardfrom a long tube into stagnant air at ambient

temperature and pressure. Swirl was imparted to the jet by tangential

air injection and was varied in order to determine its effect.

Init|al conditions for both phases were measured as completely as

posslble, to fac11|tate calculatlons of flow properties.

14



CHAPTER II

EXPERIMENTAL METHODS

2.1 Introduction

Measurements were obtained in both single-phase and

particle-laden jets. The flows examined during the present study have

properties as follows:

(I) Three isothermal single-phase jets (with swirl numbers of O,

0.19, and 0.33).

(2) Three particle-laden jets (with a particle SMD of 39 pm,

loading ratio of 0.2, and swirl numbers of O, 0.16, and 0.3).

A variety of measurements were undertaken in order to study the

flows. Axial and radial profiles of mean and fluctuating velocities

for both phases and mean particle mass fluxes were measured. Initial

condltions were measured at x/d = 0.5. Additional measurements

involved particle size distributions.

2.2 Experimental Apparatus

2.2.l General Arranqement

A schematic drawing of the experimental arrangement is

illustrated in figure 2.1. The flow consists of a turbulent, weakly

swirling particle-laden jet discharging vertically downward into a

stagnant environment. Swirl numbers of the jets were less than 0.4,

calculated from equation (l.l), in order to avoid the appearance of a

15
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recirculation zone (15). As a result, the flows could be treated

using the boundary-layer approximations. The boundary-layer

approximations have previously been applied successfully to these

flows (10, 11, 15, 16, 18 and 22), even though initial rates of radial

spread are relatively high. This arrangement provides an experiment

with a relatively simple geometry and well-defined boundary

conditions, which is also computationally tractable.

The single-phase and particle-laden jets discharged from a round

tube (19 mm inside diameter) that was 1900 mm long, in order to

provide a fully developed turbulent flow at the discharge plane. The

injection tube was mounted inside a cage that was 1.8 m square at the

base and 2.4 m high. The cage was completely enclosed with one layer

of 16 mesh screen (wire diameter 0.41 mm, open area 55.4 percent) to

protect the jet from room disturbances. The jet was exhausted to the

outside using a roof-mounted, variable-speed blower whose inlet was

roughly 1 m below the measuring plane. The exhaust line (250 mm in

diameter) began 350 mm below a 60 mesh screen (1.2 x 1.2 m screen with

wire diameter of 0.28 mm and an open area of 11.7 percent) which acted

as the inlet to the exhaust system. Velocity measurements at the

measurement plane, with the exhaust system operating and no jet flow,

indicated an induced velocity of less than 0.2 m/s from the exhaust

blower; therefore, it was concluded that the exhaust system had a

negligible effect on measurements within the jet flows.

17



Most measurements involved optical diagnostics which were rigidly

mounted; therefore, the entire cage and injector were traversed to

measure properties at various points in the flow. The cage was

mounted on two sets of linear bearings in order to provide movement

along two axes in the horizontal plane. Positioning was accomplished

using two, 1220 mm long, Unislide assemblies (B6048P20J), driven by

stepper motors (S1o-Syn M093). Positioning accuracy was estimated to

be =0.1 mm. To measure properties at various axial locations, the

tube From which the jet discharged was traversed vertically using a

1.3 m long UnisIide (B6051P20J) driven by a stepper motor (S1o-Syn

M093). Positioning accuracy in the vertical dlrection was also

estimated to be =0.1 mm. A11 three stepper motors were controlled by

a microcomputer driver (Velmex 8300).

The particles used in the experiments were solid glass spheres

manufactured by N.T. Ruddock Company. They had a density of

2500 kg/m 3 and a refractive index of 1.51. The particles were

manufactured for use in this study and were used as received. The

particle size distribution for a sample of 1567 particles is

i11ustrated in figure 2.2. Particle size was measured using a

Cambridge Instruments Quantimet 900 image analyzer. The calculated

SMD for this distribution was 39 wm with a standard deviation of

15 pm. The average mean diameter of this distribution was calculated

to be 30 pm.
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2.2.2 F!o _ syste, _

A sketch of the flow system is illustrated in figure 2.3.

Compressed air, supplied at appro×imately 860 kPa, was passed through

two coalescing filters (Balston 62A-1), mounted in series, to remove

contaminants. The flow was then separated into three streams that

were used for the main airflow, the swirl airflow, and a flow which

was seeded for laser velocimetry (LV) measurements. [he flow rates of

the main and swirl air streams were measured using calib,ated, round,

critical-flow orifices. Various combinations of four orifices (2.286,

1.27, 1.092 and 0.762 mm in diameter) were used to provide the

required flowrates. The air flow rate was adjusted by varying the

pressure on the upstream side of each orifice, using pressure

regulators (Conoftow Model H40-Xt-HXA). Upstream pressures were

measured using calibrated strain gage pressure transducers (MBIS

C-64952-D, 0-689.5 kPa). The static pressure drop across each orifice

was measured using calibrated strain gage differential pressure

transducers (Bell and Howell, 4-35t-0210, ±689.5 kPa) and checked to

insure that each orifice was choked at all operating conditions. The

air temperature upstream of each orifice was measured using 3.2 mm

diameter closed-end Chromal-Alumel thermocouples, inserted into the

center of the tube and connected to a Doric Scientific Series 400

readout.

The main air flow was seeded with aluminum o×ide particles,

nominally 1 pm in diameter, (Baikalo× 1.0 CR) to allow LV measurements

2O
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of continuous phase velocities. For the single-phase jets, the

seeding particles were mixed into the airflow using a fluidized bed

particle generator (TS[ Mode] 3400). For the pa_ticle-laden flows, a

reverse cyclone seeder, descTibed by G]ass and Kennedy (75), was used

in order to provide increased seeding levels. The ai_- flow rate to

either seeder was measured using a calibrated Bl_ooks rotometer (Tube

size R-6-15-B). The inlet pressure of the seeder was adjusted using a

pressure regu]ator (Conoflow Mode] H40-XT-HXA).

Particles were introduced into the main air stream using a

vibrating, variable-speed, screw feeder (Vibra-Screw live bin feeder)

with a 9.53 mm diameter screw. The screw discharged the particles

into a tapered tube where they were allowed to drop downward into the

main flow. The static pressures inside the particle feeder and the

main air ]_ne were equalized at the particle entry position. A 45 m

]ong, 3.18 mm inside diameter, tube was used to damp out any pressure

oscillation caused by the introduction of the particles. Particle

flowrates were measured by calibration of the feeder screw speed.

The surroundings of the jet were also seeded with nominal ] pm

diameter aluminum oxide particles using a separate air supply line and

a fluidized bed aerosol generator (TSI 9310).

2.2.3 Swirl Generator

A sketch of the swirl generator is illustrated in figure 2.4.

Swirl was generated by introducing air tangentially into the injection

22
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tube through four identical 9.5 mm long slots located 90 ° apart. This

approach for generating swirl has been previously reported by a number

of investigators (6-11) and was found to yield reasonably good results

during the present study. The slots were fed fFom a 62 mm inside

diameter plenum, to insure equa] flowrates through each slot. The

leading edge of the slots was located 25 diameters upstream of the

injection tube exit. The swirl number of the jet is varied by

changing the flowrate of the tangential air flow.

2.3 Instrumentation

2.3.1 Single-Phase Jet Velocities

The mean and fluctuating velocities of the single-phase jets were

measured using a two-channel laser velocimeter (LV). A sketch of the

arrangement appears in figure 2.5. Major components of the system are

summarized in table 2.1.

The output beam from a 2 N Argon-lon laser was separated into

green (514.5 nm) and blue (488 nm) beams. Each beam was then split

Into two beams to provlde a four-beam backward-scatter LV. This

allowed simultaneous measurement of velocity and Reynolds stress in

two directions. One beam from each color was frequency shifted (40

MHz with electronic downshifting) to optimize the frequency range and

to reduce fringe bias. Beam expansion was used to increase the

signal-to-noise ratio (SN) and to improve spatial resolution. The

sending/collecting lens had a focal length of 762 mm. Theoretical
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Table 2.1 - Summary of LV Components for Single-Phase Jet

Measurements

Component Manufacturer Model Specification�function

Argon-ion laser Lexel 95-2 2.0 W; multiline mode l._ mm
(e -2 points) beam diameter

Beam collimator TSI g178

Color separator TSI gl05

Polarization rotator TSI 9102-11 Blue (488 nm) beam

9102-12 Green (514.5 nm) beam

Beamsplitter TS[ 9115-I 50 mm beam spaclng

Beam displacer TS[ 9174 25 mm beam offset to center

Frequency shifter TSI g182-II Bragg cell, 2 kHz-40 MHz

9182-12 shift frequency

Beam steering TSI 9175

Receiving assembly TSI 9140 200 ram focal length detector

lens; 98 percent reflectivity

dielectric multilayer mirror

at 45 ° incident angle

Color separator TSI 9145 dichroic mirror efficiency

(scattered light) 514.5 nm transmitted 85 percent

488 nm reflected 95 percent

Beam stop TSI 9181

Beam spacer TSI 9113-22 Reduces beam spacing from

50 mm to 22 mm

Beam expander TSI 9189 3.74 expansion ratio

Transmitting/ TSI 9169-750 762 mm focal length

receiving lens 152 mm clear aperature

Photomultiplier TSI 9160 0.2 mm aperature

system

Burst counter TSI 1990-B

Digital direct memory TSI 1998-D

access interface

Oscilloscope Tektronic 7834

Data acquistion/ DEC Minc II/23

processing
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parameters for this system, Fringe spacing, measuring volume size,

etc., are summarized in table 2.2.

Detector signais were processed using two burst counters. An

oscilloscope was used to monitor the detector and burst counter output

signals. The counters were operated in the total burst mode, with a

coincidence check to insure that the signals obtained from both probe

volumes were from the sameseeding particle. Valid data rates were

generally in the range of several hundred per second. The digital

output of the counters was sent to a Minc 23 microcomputer, using a

direct memoryaccess board and a TSI interface (model 1998D). Data

from the counters was processed using a Thermo-Systemscomputer

program. The computer program included a residence time weighting

schemeto minimlze effects of velocity bias on the results. Resu]ts

presented are based on at least 2400 velocity samples. Possible

sources of error and experimental uncertainties for measurementsof

gas velocities In the single-phase jets are discussed in Appendix A.

Experimental uncertainties (95 percent confidence) are as follows:

meanstreamwise velocitles, less than 5 percent; meanangular

velocities, typically less than 20 percent; velocity fluctuatlons,

less than 5 percent; k, less than 12 percent; and the Reynolds stress,

14 percent at the maximumReynolds stress and proportionately higher

elsewhere.
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Table 2.2 - LV Theoretical Parameters

Parameter Green Blue
(514.5 nm) (488 nm)

Single-phase Jets (backscatter):

Fringe spacing, l_m
Probe volume diameter, l_m

Receiver measuring volume diameter, pm
Probe volume length, lJm
Receiver measuring volume length, l_ma

Number of fringes

Dispersed phase 30 ° off-axis (forward scatter):

Fringe spacing, l_m
Probe volume diameter, iJm
Receiver measuring volume diameter, l_nb

Probe volume length, l_m
Receiver measuring volume length, l_mb

Number of fringes

4.76
102
762

1891
103
22

4.76
t02

685
1891
283

22

aCalculated using depth of field limit.
bIncludes diameter of largest particle expected.

4.51
g9
762

1838
101
22

4.51
99

685
1838
277
22
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2.3.2 Particle - Laden Jet Velocities

2.3.2.1 Particle Velocities. - Mean and fluctuating velocities

of the dispersed phase were measured using both a two-channel LV and a

phase/Doppler anemometer. The LV system yielded particle velocities

averaged over all particle sizes present while the phase/Doppler

particle anemometer measured both particle size and velocity.

The arrangement of the LV system used to measure particle

velocities was similar to the LV system used to measure velocities in

the single-phase jets, except that the receiving optics were moved to

30 ° off-axis in the forward scatter direction. A receiving lens with

a focal length of 602.4 mm and a clear aperture of 60 mm was used to

collect scattered light from the particles. Estimated dimensions of

the probe volume for this arrangement are also shown in table 2.2. To

account for particles grazing the probe volume, the dimensions shown

in table 2.2 were obtained by adding the diameter of the largest

partlcle expected to the calculated theoretlcal diameter. Since

actual probe volume size is a strong function of scattering particle

size, laser power and photodetector gain setting, these values should

not be strictly regarded as quantitative.

The counters were operated in the total burst mode, however, a

coincidence check was not required for this measurement (cross

correlations were not required). The values obtained were number

averages over all sizes of particles present in the flow. A residence

time weighting correction was not applied or required, since only
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number averages are meaningful for the dispersed phase. The

continuous phase was not seeded with aluminumoxide particles for

these measurementsand laser poweYand detector gain were also reduced

to further insure that only signals from particles were processed.

Valid data rates for particles varied considerably depending on where

the flowfield was sampled. Each data point presented in the following

represents at least 5000 samples.

Possible errors and uncertainties for the particle velocity

measurementsare discussed in Appendix A. Experimental uncertainties

(95 percent confidence) are as follows" _p, ]ess than 5 percent;

_p, typlcally less than IO percent (,at xld = 0.5); _p, less than 6

percent at the maximumand proportionately higher elsewhere; and

fluctuating particle veloclties, less than 5 percent.

The arrangement of the optical system for the phase/Doppler

particle anemometeris illustrated in flgure 2.6. Major components

are summarized in table 2.3. The beamfrom a 2 WArgon-lon laser was

separated into green (514.5 nm) and blue (488 nm) beams. Only the

green beamwas used for these measurements. The beamwas expanded by

a factor of three before being split into two beamswhich were then

focused and crossed with a 602.4 mmfocal length lens. Scattered

light was collected 30° off axis in the forward direction with a 495 mm

focal length lens. The fringe spacing for this optical configuration

was 6.3 wm. Estimated dimensions of the measuring volume are as

follows: diameter of IOOpm, and a length of 202 pm. These
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Table 2.3 - Summary of Components for Phase/Doppler Particle
Anemometer

Component Manufacturer Specification�function

Argon-ion laser Lexel 95-2 2.0 W, multiline mode; 1.3 mm
(e-2 points) beam diameter

Beam collimator TSI 9178

Color separator TSI 9105

Beam expander Melles Griot '09 LBM 001 3.0 expansion ratio

Polarization rotator TSI 9102-12

Beamsplitter TSI 9115-I 50 mm beam spacing

Transmitting lens TSI 91i'9 602.4 mm focal length

2.34 ° half angle

R@ceiving lens Aerometrics 495 mm focal length

Receiver assembly Aerometrics 2100 SO _un slit width
240 mm focal length detector

Processor Aerometrics PDP 3100

Data acquistion/ IBM P.C.

processing
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measurementsdo not include the diameter of the largest particle. The

collected light was focused onto a slit (50 pmwide by l mmlong)

using a 240 mmfocal length lens. Three detectors, separated by fixed

spacings, were used to detect the Doppler burst signals. The phase

shift in the slgnal detected by the three detectors Is proportional to

particle size and this shift can be used to determine particle slze.

Since this method also yields particle velocity in the samemanner as

a laser velocimeter, a simultaneous particle size and velocity

measurementis obtained. Details of the theory and experiments to

validate the instrument can be found in (76, 77).

Data from the PDP31OOprocessor was processed using an IBM PC

computer. The processor considered the entire Doppler burst for the

data processing. The velocity data reported are numberaverages for

each size group and no corrections were applled to account for veloclty

biasing. The actual numberof samples considered for each velocity

measurementvaried dependlng upon position In the flowfleld and

particle size. Errors and uncertaintles of the phase/Doppler

measurementsare dlscussed in Appendix A. The uncertaintles (95

percent confidence) are estimated to be less than 5 percent for mean

and fluctuating streamwise velocities, similar to the slngle-phase jet

measurements.

2.3.2.2 Continuous Phase Velocities. - Mean and fluctuating

velocities of the continuous phase in the presence of particles were

measured using the single-channel phase/Doppler part)c1e anemometer.
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As previously discussed, this instrument measuresparticle size and

velocity simultaneously. To measure continuous-phase velocities in

the presence of particles, the continuous phase was seededwith

nominal I Nmdiameter aluminum oxide particles and the corresponding

velocity measurementfor that size was assumedto represent the

continuous phase. A reverse cyclone seeder, simllar to that descrlbed

by Glass and Kennedy (75), was used to introduce the alumlnumoxide

powder, since It provided increased seeding levels over the smaller

fluldlzed-bed seeder used previously for velocity measurements In the

single-phase flows.

By appropriate seeding of the continuous phase with the nomlnal l

Nm diameter alumlnum oxide particles, the phase/Doppler partlcIe

anemometer was used to measure contlnuous-phase velocities in the

presence of the solld partlcles. An example of a typical data point

taken with the instrument Is shown in figure 2.7. In figure 2.7, two

distinct size dlstrlbut|ons are clearly evident. The smallest

particles (-1.9 Nm) are due to the contlnuous-phase seedlng, whlle the

larger partlcles correspond to the dispersed phase. The actual number

of samples considered for each velocity measurement varled depending

upon position in the flowfield, but at least 1000 samples were used

for each continuous-phase data point. The velocity data reported are

number averages and no correct|ons were applled to account for

velocity biasing.

34



o
_ " .... ,, I j

1.9 33.4 GS 1.1 6,6 12

DIA/_ETER, IJM VELOCIIY, M/stc

SIZE - VELOCITY CORRELAIION

Figure 2.7. -TypiCa] simultaneous size and Velocity data taken
at a point in particle-laden flow.

35



2.3.3 Partic]e MassFlux

The mass flux of the dispersed phase was measuredusing an

isokinetic sampling probe. The probe used was similar to that

reported by Szekely (78). A sketch of the probe appears in figure

2.8. The probe was constructed using a Gelman2220 stainless steel

in-line filter holder. The probe is shownwith a 2 mminside diameter

tip. Probe tips were interchangable and a tip with an inside diameter

of 5 mmwas also used. For the larger diameter probe, the height of

the probe was reduced from 12.6 to 6.9 mmto increase the inlet

diameter. Twoprobe inlet diameters were required in order to insure

adequate spatial resolution and reasonable sampling times in all

regions of the flow. The probe was rigidly mountedon a metal bar

attached to a fixed optical table. The cage and injector tube

assembly was traversed to sample various locations in the flow.

A sketch of the particle mass-flux measurementsystem is shownin

figure 2.9. A N.M. Welch Duo-Seal vacuumpumpwas used to withdraw

samples isokinetically through the probe. Particles were collected on

a Gelmanmembranefilter (No. 64679, 0.8 pm pore size) for a timed

interval and weighed on a digital scale (Mettler PC2000), accurate to

O.O1 g. The sampling interval was timed using an Adanac stopwatch.

Sampling probe flow rates were controlled using a needle valve in the

probe sample line and a second needle valve in a bypass line.

Flowrates were measuredusing one of three calibrated rotometers (Cole

Parmer FMIO2-05, FM082-O3,FMO34-39),arranged in parallel. Using
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this sampling system, measured particle mass fluxes integrated across

the jet were within _10 percent of the calibrated feeder flow rate at

all axial locations. This system was relatively insensitive to the

effect of gas-sampling rates. Small variations in sampling rates

above and below the mean isokinetic velocity had a negligible effect

on the results. Experimental uncertainties for the particle mass flux

measurements (95 percent confidence) are estimated to be less than 8

percent, as discussed in Appendix A.

2.4 Test Conditions

Test conditions are summarized in table 2.4. Three single-phase

and three particle-laden jets were studied. Swirl numbers were

limited to 0.33 or less in order to avoid recirculation zones;

therefore, the swirling flows could be classified as weakly swirling

flows. A single loading ratio, defined as the ratio between the

injected particle mass flow rate and the air mass flow rate, of 0.2

was studied. Based on an average particle size of 30 pm, the spacing

between particles at the exit of the tube was about 20 particle

diameters. Particles with an SMD of 39 pm were used for all

particle-laden flows. The standard deviation of the particle

distribution was 15 pm. The average diameter of the particles was 30

wm. The flows were fully turbulent, with initial Reynolds numbers of

approximately 20,000 -- based on the total jet momentum per unit mass

flow rate and the tube diameter.
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Structure measurements were made for xld <30 fOr flOWS without

swirl and xld <20 for the swirling flows. For the particle-laden

flows without swirl, radial profiles of flow properties were measured

at xld = 0.5, 5, 15, and 30. For the particle-laden swirling flows,

radial profiles were measured at xld = 0.5, 2, 5, lO, and 20.

41



CHAPTER III

THEORETICAL CONSIDERATIONS

3.1 General Description

The analysis is limited to a steady, axisymmetric, dilute,

solid-particle-laden, weakly swirling, turbulent jet in an infinite,

stagnant media. The swirl number, calculated from equation (1.1), is

restricted to values of approximately 0.5 or less so that adverse

pressure gradients caused by the decay of angular velocity are not

strong enough to induce a reversal of the axial velocity. The

boundary-layer approximations are assumed to be valid; however, the

radial pressure gradient, which is usually neglected in the

boundary-layer analys_s, is considered. The k-c turbulence model is

used to provide closure since this approach has modest computational

requirements. Effects of streamline curvature on the k-c turbulence

model are considered. The injector exlt Mach number is less than 0.3;

therefore, kinetic energy and viscous dissipation of the mean flow are

neglected with little error.

Three methods of treating multiphase flow, typical of current

practice, are considered, as follows: (I) locally homogeneous flow

(LHF), where interphase transport rates are assumed to be infinitely

fast and the flow can be treated like a single-phase, variable-density

42



fluid; (2) deterministic separated flow (DSF), where finite

interphase transport rates are considered, but the dispersed phase is

assumed to interact only with the mean properties of the continuous

phase e.g., particle/turbulence interactions are ignored; and (3)

stochastic separated flow (SSF), where both finite interphase

transport rates and effects of particle/turbulence interactions are

considered, using random-walk methods. All three methods will be

discussed in more detail in the following sections.

3.2 Locally Homogeneous Flow

3.2.1 Governing Equations

3.2.].1 Baseline Version. - Since both phases move at the same

velocity under the LHF approximation, this approach treats the flow as

a single-phase turbulent fluid wlth density variations caused by changes

in the concentration of the dispersed phase, even though the densities

of each phase are constant. Following Bilger (79), Favre (mass)-averaged

quantities are used rather than Reynolds (time)-averaged quantities.

As discussed by Bilger (79) and Bradshaw, et al. (80), Favre averaging

offers advantages for variable density flows because numerous terms

invo]ving density f]uctuations are eliminated from the governing

equations.

Mean (mass averaged) quantities are found by solving governing

equations for conservation of mass, momentum, and mixture fraction.

The mixture fraction, f, was defined as the mass fraction of particles

in the flow. If the diffusivities of both phases are the same, the
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mixture fraction becomesa conserved scalar, as described in (79), and

all scalar properties are only functions of mixture fraction.

equations are closed using the well-known, two-equation, k-c

turbulence model.

The general form of the governing equations in cylindrical

coordinates is as follows:

where

The

-~ 1 8 -~ I a
a (pU(1))+ (rpv_) =at r a-r r + o ar + S¢ (3.1)

@ denotes a Favre-averaged variable, defined as follows"

$ : _ (3.2)

The source terms, S¢, appearing in equation (3.1) are

summarized in table 3.1 along with empirical constants established by

Jeng (81) for a variety of constant and variable density single-phase

jets. The approach, and the empirical constants, however, are not

very different from early proposals at Imperial College (74). The

governing equation for radial momentum does not fit the form of

equation (3.1) and is given later.
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Table 3.1. - Source Terms and Empirical Constants

used in Equation (3.1)

¢ s@

I o

u _x

N

rw
_ lr g_rrC _ + _t) 2rw}

0

Cc llSt k r

2

P
k

C a k o ofI_ CEI CE2 c

0.09 1.44 1.87 1.0 1.3 0.7
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Equation (3.1) is classified as parabolic and was obtained using

the usual boundary-layer assumptions. Axial gradients are assumed to

be negligible compared to radial gradients, and turbulent correlations

are all of the same order of magnitude. Thus, the radial dimensions

of the flow are assumed to be much smaller than the axial dimensions,

r/x<<l. Swirling flows exhibit fairly high spreading rates;

therefore, the width of a swirling jet can be as large as 30 or 40

percent of the a×ial dimension (11). Nevertheless, the boundary-layer

equations have been applied to weakly swirling flows (swirl numbers up

to about 0.5) (8, 10, 11, 16, 18, 22), and this approach is adopted

here as well.

In addition to the boundary-layer assumptions, a number of other

assumptions are made in the derivation of equation (3.1). The flow is

considered to be fully turbulent. Terms involving molecular viscous

stress tensor fluctuations have been neglected, however, mean

molecular stress is included even though it is considerably smaller

than Pt" Also, a term involving the fluctuating density, velocity,

and mean pressure gradient has been neglected in both the k and c

equatlons in order to reduce the number of empirical constants.

A consequence of the presence of angular velocity is that even

though the standard boundary-layer assumptions are made, the radial

momentum equation is still present as

<3 3)
_r = r
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and cross-stream pressure gradients are not negligible.

of the decay of angular ve]ocity with axial distance, the source teYm

ap/ax is included in the governing equation for axial momentum.

Under the conserved scalar approach, the instantaneous particle

concentration and density are only functions of mixture fraction. The

mixture fraction is the mass fraction of particles in the f]ow, as

follows:

C
f=_ .... ___

C +C
a p

Also, because

(3.4)

Using the adiabatic mixing approximation from Shearer and Faeth (55),

the density of the mixture can be found from the following equation:

-I

(3.5)
p =

The Favre averaged mean value of a scalar can be found from the

(3.6)

following equation (79,81):

1$(f) = @(f)P(f)df

where @(f) is the state relationship for the property, i.e.,

equation (3.5) in this case. Time-averaged density can be found from

(3.7)

from the following equation (81):

I _ _jl 1 P(f)df
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-1
Since p is a linear function of f in the domain O<f<l, mean

values are independent of the form of the probability density function

(PDF), P(f), chosen and it is easily shown that p = p(f). Therefore,

Pmix and f can be substituted in equation (3.5) to give Pmi×

as a function of _.

The turbulent viscosity appearing in equation (3.1) was

calculated from k and c as follows (74)"

_ k 2
Pt = Cpp _- (3.8)

The source terms given in table 3.1 for k and c do not

include effects of streamline curvature. This is considered in the

next section.

3.3.].2 Streamline Curvature Version. - As discussed in Refs.

82-88, streamline curvature has been shown to produce very large

changes in the turbulence structure of shear layers. Bradshaw (82)

presents a review of the effects of streamline curvature and discusses

a basis for classifying shear flows as simple or complex. Shear

flows, where there is only one significant rate-of-strain component,

are classified as simple while those subjected to extra rates of

strain due to additional velocity gradients are classified as complex.

Numerous modifications of the k-c turbulence model have been

proposed to account for effects of streamline curvature. All of the

modifications are based on the hypothesis that the destabilizing

effect of swirl can be modeled through an increase in the length scale
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of the turbulent eddies. Sharma (83) and Leschziner and Rodi (84)

report calculations of curved flow using the k-c model, where one of

the constants in the dissipation equation is made a function of the

gradient Richardson number. Leschziner and Rodi (84) also reported

results of calculations using a modified dissipation equation based

upon a flux Richardson number. Hah and Lakshminarayana (85) report

predictions of turbulent wakes using turbulence closure models that

were modified for effects of streamline curvature. A modification to

the dissipation equation, obtained by simplification of an algebraic

Reynolds-stress model, was reported by Leschziner and Rodi (86) and

found to yield reasonably good results. Komori and Ueda (87) and

Leschziner and Rodi (84), however, reported reasonably good results

for calculations of strongly swirling free jets with standard k-c

turbulence models as well.

A recent review paper by Lakshminarayana (88) discusses various

turbulence models ranging from algebraic eddy viscosity models to

models based on Reynolds-stress transport equations for complex

flows. He states that "the field of turbulence modeling for complex

flows is confusing and conflicting and that intuition and ad-hoc

assumptions dominate the art of turbulence modeling in complex

flows." Lakshminarayana (88) concludes that the standard k-c model

is not adequate for prediction of complex flows but modified k-c

models are probably adequate for very mildly complex flows. Since
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weakly swirling free jets are mildly complex, modifications to tile

k-c model are considered in the present study.

Twomodifications to the dissipation equations were evaluated

during the present study.

(84), involves replacing

expression"

where Ri

follows, for the present flows"

The first, discussed by Leschziner and Rodi

Cc2 in table 3.1 with the following

Cc2 = Cc2(l - 0.2 Ri)

is a gradient Richardson number, which is defined as

k 2 _ a(r_)

Ri = -2 -2-ar
c r

(3.9)

(3.10)

This curvature modification performed poorly during the present

study and no predictions using it are presented in the following.

The second modification of the dissipation equation also was

taken from (84) and involves replacing one of the constants in table

3.1 by a functional relationship. In thls case, Col is replaced by

the following expression"

Col = Ccl(] + 0.9 RF)

is a flux Richardson number, defined in this case, as
where Rf

follows"

Rf=

aG
÷

It/

2

(3.]])

(3.12)
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3.2.2 Numerical Solution

Equations (3.1) and (3.3) were solved using a modified version of

the GENMIX computer code (89). A brief description of the formulation

is given in Appendix B. Thirty-three cross-stream grid modes were

used during a11 the calculations. For the nonswirling flows,

streamwise step sizes were limited to 5 percent of the current flow

width or an entrainment increase of 5 percent--whichever was smaller.

For the swirling flows, streamwise step sizes were limited to 2

percent of the current flow width or an entrainment increase of

2 percent - whichever was smaller. Computations performed with

streamwise step size decreased by a factor of 2, and with 66

cross-stream grid nodes, showed changes of less than 3 percent in the

computed results at x/d : 20.

Because of the formulation of the GENMIX algorithm, consideration

of angular velocity required modifications of the solution procedure.

Downstream values of r, which are required to solve equation (3.2)

for the radlal pressure distribution (in order to calculate the axial

pressure gradient), can only be calculated after downstream values of

u are known. Relatively accurate values of ap/ax are required for

the solution of the axial momentum equation. In order to deal with

this problem, equation (3.]) for rw was solved first, to obtain

downstream values of rw. Then equation (3.3) was integrated radially

across the flowfield, to obtain radial pressures, using downstream
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values of r_ and upstream values of r. Then ap/i]× was calculated

and then corrected based upon conservation of axial momentum flux.

Using the corrected source term, a_/ax, equation (3.1) was then solved

for _, _, k, and c. This procedure has been used previously (10,

11, 18). It preserves the marching character of the GENMIX solution

procedure for the solution of the parabolic equations. For the

present calculations, this procedure was found to conserve axial

momentum within 2 percent.

3.3 Separated Flow

3.3.1 Continuous Phase

The treatment of the continuous phase in the separated-flow

analysis is similar to the LHF model, except that additional source

terms, Sp_, due to interphase transport are included in the

governing equations. The flows considered here are very dilute;

therefore, effects of the dispersed phase on turbulence quantities are

ignored for the present. In addition, since isothermal, solid,

particle-laden flows are considered, the only source term involves the

exchange of momentum between the continuous and the dispersed phase.

Because the density of the continuous phase is constant and its volume

fraction is nearly unity, a solution for f is no longer required.

Finally, in this case, Favre and Reynolds averaged quantities are

identical.

Both separated-flow analyses involve dividing the dispersed phase

into n groups and tracking the trajectory of each group through the
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flow field. In order to obtain the momentume×change source term, the

continuous-phase fTow field is divided into computational cells and

the net change in momentumof each particle group as it enters and

leaves a computational cell is computed. This is referred to as the

"Particle Source in Cell Approach" (PSIC) described by Sharmaand

Crowe (59). The exact forms of the source terms are given in table

3.2. In order to preserve the marching character of the calculation,

no source term is calculated for the radial direction. This can be

neglected with little error since the radial momentum equation is only

used to calculate the axial pressure gradient which is later corrected.

Particle source terms could also be included in table 3.2 for

both k and _, to represent the effects of the particles on

turbulence properties. As discussed by A1Tawee] and Landau (90),

turbulence intensities of the continuous phase can be reduced as a

result of the presence of particles. They concluded that the

magnitude of this damping, termed turbulence modulation, increases

with increasing particle loading and decreases with increas|ng

particle diameter. There have been a number of attempts to account

for the influence of the dispersed phase on turbulence properties

using the k-c turbulence model. Mostafa and Elghobashi (9l) derived

a two-equation turbulence model for two-phase flows that attempts to

account for the additional energy dissipation due to the presence of

particles. Mostafa and Mongia (92) evaluated a simplified version of

this model which contained one additional constant and found that it
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Table 3.2. - Particle Source Terms in

the Separated Flow Analysis

¢ s
pc

1 0

r_

Vj _=1 i p in

-| nimp
Vj i=l CW.')_n-(_')ooI_

54



yielded slightly better predictions than the standard k-c model when

the constant was optimized for that particular flow considered.

Shuen, et al. (40), Shuen (41), and Zhang, et al. (42) also presented

a model for turbulence modulation based on the k-c model.

Comparisons with measurements were generally better than the

single-phase k-c model, however, an additional constant was also

introduced which could not be easily evaluated. Since the loading

ratio of particles is relatively low (0.2) in the present study,

turbulence modulation was not considered in the theory.

3.3.2 Dispersed Phase

The dispersed-phase properties are obtained by solving the

Lagrangian equation of motion for the particles, assuming that the

particles can be approximated as spheres. The general form of the

equation (the B-B-O equation that includes effects studied by Basset,

Bousslnesq, and Oseen), after neglecting effects of particle rotation,

can be written as foI|ows (27):

dP3 d_p : __ dp2pCD ÷ _ * ÷ ) _ _ 3 a_p
Pp dip 8 I u - upl (u - Up _ dp a_

3 d (_ ÷ ) 3 2( ]/2 p (dld_(_ - _ ))
+ T2_ dp p _ - Up + _ dp _pp) P d( + Fpo (t _ _)1/2 e

P

(3.13)

where the time derivative is taken following the motion of the particle

d a * 8
+ u -- (3.14)

dtp at p a_
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The term on the left-hand side of equation (3.13) represents the

inertia of the particle sphere. Taken in order, the terms on the

right-hand side of equation (3.]3) represent: the dFag force on the

sphere, which conventionally includes both skin friction and form

drag; the force on the sphere due to static pressure gradients in the

flow; the force on the sphere due to the inertia of fluid displaced by

its motion, which is often called the virtual mass term; the Basset

term, which allows for effects of the deviation of the flow from a

steady flow pattern around the sphere; and the external or body force

term, e.g., the force due to gravity.

Assumptions made to calculate particle trajectories were as

follows: dilute particle-laden flow with drag equivalent to a single

particle in an unbounded environment; particle collisions neglected;

drag treated empirically, assuming quasisteady flow for spherical

particles; and since pplp>200, effects of static pressure

gradients, virtual mass, Basset forces, Magnus forces, etc., can be

neglected with little error. The remalning assumptions are typical of

separated-flow models of dilute particle-laden flows and are described

more completely in Refs. 54 and 57.

After adopting these assumptions, equation (3.13) can be greatly

simplified with the result that the position and velocity of each

particle group can be found by integrating:

_P-_- = u i = 1,2,3
dt pi'

(3.15)
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-9

- Up u - Up + a i, i = 1,2.3du __L-J' 3pCnu IU

The drag coefficient was calculated from a standard empirical

correlation for solid spheres, recommended by Faeth (52-54), as

follows"

- + , Rep S I000CD Rep

CD = 0.44, Rep > I000

Equation (3.16) was integrated using a second-order algorithm similar

to Shuen (41).

3.3.3 Deterministic Separated Flow

For the deterministic separated flow approach, the dispersed

phase is assumed to %nteract only with mean properties of the

continuous phase. Slnce mean properties are only considered for the

deterministic separated flow model, all terms in equation (3.16) are

considered to be time averaged and the local mean velocity is used as

the ambient velocity for each particle group,

The coupled parabolic equations, (3.1), (3.3), and (3.16) were

solved in an iterative fashion. Equations (3.1) and (3.3) were solved

first with the particle source term from the previous step. Then

equation (3.16) was solved to determine particle trajectories and to

update source terms for the continuous phase. At least 1400 particle

groups were tracked during these calculations in order to find

statistically significant flow properties.

(3.16)

3.17)
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3.3.4 Stochastic Separated Flow

The stochastic separated flow approach involves finding the

motion of a statistically significant sample of particles as they

leave the injector and encounter a succession of turbulent eddies.

Treatment of the continuous phase is identical to the deterministic

separated flow model. Equations (3.15) and (3.16) are also solved for

particle motion, however, instantaneous properties are used rather

than meancontinuous-phase properties. The method of specifying

instantaneous eddy properties and treating particle/eddy interactions

follows a proposal of Gosmanand loannides (66), as modified by Shuen

(41).

Important properties of the stochastic separated flow computation

are the physical properties of each eddy and the interaction time

betweena particle group and particular eddy. The velocity within

each eddy is assumedto be constant but eddy properties are assumedto

vary randomly from one eddy to the next. Eddy velocities are found

using Monte Carlo methods, after defining a probability density

function (PDF) for each componentof velocity. Velocity fluctuations

are assumedto be isotropic, with a Gaussian PDFhaving a standard

deviation of (2 k/3) I/2 and meanvalues _, _, and 3. The cumulative

distribution function (CDF)of each velocity component is constructed

and randomly sampled. This involves choosing three randomnumbers in

the range 0-I with a randomnumbergenerator and then finding the
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three velocities at these values of the CDF. This procedure assures

randomselection of velocities in a manner that satisfies the PDFof

velocity.

Particle groups are assumedto interact with a particular eddy for

a time either as long as the eddy lifetime or the time required for a

particle to traverse the eddy, whichever is shorter. Following Shuen

(41), characteristic eddy sizes and lifetimes are specified as follows:

L C3/4 k3/2= (3.18)
e p c

L

te e (3 19>

- (__k) 1/ 2 '

Particles and eddies are assumed to interact as long as the time

of interaction and the relative displacement of the particle and the

eddy (from the start of the interaction) are both less than t and
e

Le. When the interaction ends by the Le criterion, the particles

have traversed the eddy. Ending the interaction by the te criterion

implies that the eddy has captured the particle.

The remaining computations are similar to the deterministic

separated flow model. The random-walk calculations for each particle

group, however, required a larger number of particle groups to obtain

statistically significant results: at least 7000 particle groups were

employed during the present computations.
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CHAPTER IV

RESULTS AND DISCUSSION

4.1 Single-Phase Jets

Single-phase jets were studied initially in order to assess the

suitability of the experimental configuration, to provide baseline

results for comparison with measurements for the particle-laden jets,

and to assess the capability of the continuous-phase model without the

complications resulting from the presence of a dispersed phase.

Experimental results obtained during the present study are discussed

first. Predictions are then compared with measurements obtained both

durlng the present study, as well as other measurements in swirling

jets taken from the literature. All data obtained during the present

study are tabulated in Appendix C.

4.1.1 Experimental Results

Measured properties of the present single-phase jets are

illustrated in figures 4.1 to 4.]3. Based on the measurements

illustrated in figures 4.1, 4.2, and 4.3, for S = O, 0.19, and 0.33,

respectively, it is clear that swirl has a large effect on streamwise

properties along the flow axis. The rate of decay of the a×ia]

velocity with streamwise distance, seen in figure 4.1, increases as

swirl number increases. For example, the mean centerline axial
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Figure 4.1. - Axial variation of centerline axial velocity with
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jets (S = O, 0.19, 0.33).
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velocity decays to one-half its original value (measured at ×/d =

0.5) in approximately 3.5 injector diameters for S = 0.33, while

approximately 13 injector diameters are required for the jet without

swirl. Turbulence kinetic energy near the injector- exit increases

dramatically with increasing swirl (see figure 4.2). At x/d = 0.5,

normalized k c is approximately 25 times higher for S = 0.33 than

for the nonswirling jet. For the swirling jets, the development of

k c with streamwise distance is strongly influenced by the swirl

number. For S = 0.19, shown in figure 4.2, normalized k beginsc

to increase near the injector exit and rises monotonically to an

asymptotic value on the order of 0.I0. For S = 0.33, also shown in

figure 4.2, normalized k c increases even more sharply near the

injector exit, reaching a peak of approximately 0.22 at x/d = 2, and

then decays to approximately the same asymptotic value as S = 0.19.

Angular velocity, see figure 4.3, decays quite rapidly with streamwise

distance. For S = 0.33, angular velocity has decayed to one-half its

original value (at xld : 0.5) at approximately x/d = 2. Increasing

swirl increases the rate of angular velocity decay.

Radial profiles of measured properties in the single-phase jets

are i11ustrated in figures 4.4 to 4.6 for S = O, figures 4.7 to 4.10

for S = 0.19, and figures 4.11 to 4.13 for S = 0.33. At x/d = 0.5,

peak values of k are increased by a factor of two for S = 0.33,

when compared with the no-swirl case as shown in figures 4.4 and

4.11. Similar results are observed for Reynolds stress. The results
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illustrated in figures 4.4, 4.7, and 4.11 also indicate that, at

x/d = 0.5, measuredvalues of velocity fluctuations increase as the

swirl number is increased, as expected. Even at x/d = 0.5,

increasing the swirl number increased the jet width; this can be seen

by comparing figure 4.4 for S = O, and figure 4.]] for S = 0.33.

Radial profiles of measuredproperties for the swirling jets at

x/d = 5 are illustrated in figures 4.8 and 4.12. As expected, the jet

width for the higher swirl number jet (S = 0.33) is larger than the

S = 0.19 jet. Measuredvalues of fluctuating quantities also increase

with increasing swirl number. For S = 0.33, shownin figure 4.12,

measuredvalues of all componentsof the velocity fluctuations are

approximately equal at x/d = 5. For S = 0.19, however, the

streamwise velocity fluctuations are slightly higher than the other

two componentsat this axial location.

Radial profiles of measuredproperties for the single-phase jets

with swirl at x/d = 10 appear in figures 4.9 and 4.]3 for S = 0.19

and S = 0.33, respectively. Angular velocities have decayed to

approximately 0.4 m/s for both swirling jets at this location, and as

a result, the structure of both jets is similar. However, the jet

width is still wider for the higher swirl number jet than for the

lower swirl number jet.

Radial profiles of measuredproperties for the S = 0.19 swir]ing

jet at x/d = 20 are il]ustrated in figure 4.10. The meanangular

velocity has decayed to a negligible value and measuredvalues are
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similar to a jet without swirl at this location. For comparison,

radial profiles of the nonswirling jet at x/d = 15 and 30 appear in

figures 4.5 and 4.6, respectively.

4.1.2 Single-Phase Jet Predictions

In order to initiate evaluation of predictions, calculations were

completed for comparison with representative measurements for weakly

swirling single-phase free jets, taken from the literature. Only

measurements where initial conditions were known reasonably well were

considered. Swirl numbers for these flows ranged from 0.25 to 0.5.

Initial conditions for the predictions are taken at the

measurement location nearest to the injector exit. Starting values

of c were determined from the definition of a turbulent ]ength

scale, as follows:

k3/2

co = cw L (4. I)

where L was chosen as a fraction of the inltial jet half-width to

provide reasonably good agreement with initial streamwise changes of

k. The value used for L was on the order of 0.3 of the initial

half-width of the flow.

Results using the measurements reported by Morse (ll) are

illustrated in figures 4.14 to 4.17. Morse (ll) obtained measurements

using a single hot-wire probe for two weakly swirling free jets having

swirl numbers of 0.25 and 0.35. Initial flow properties were measured

at x/d = 0.5. Predictions using the standard k - c turbulence
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model and the modification for streamline curvature based on the flux

Richardson number (equation (3.12)) are shown on the figures.

The streamwise variation of flow properties for S = 0.25 is

illustrated in figure 4.14. For these results, the approach using a

curvature correction gave better agreement with the measurements than

the standard k - c turbulence model, however, the differences

between the two are not very large. The curvature modification,

however, caused predicted values of k along the axis to be

significantly overestimated. Measurements of k c reported by Morse

(II), however, are somewhat lower than values obtained during the

present study, which may be a factor in this apparent deficiency of

the curvature correction approach. Radial profiles at x/d = I0 for

measurements with S = 0.25 reported by Morse (II), are shown in

figure 4.15. Again, the predictions are reasonably good. The

standard k - c turbulence model somewhat underestimates the jet

width at x/d = I0 based on the streamwise mean velocities while use

of the flux Richardson correction causes the width of the jet to be

slightly overestimated. The comparison between predicted and measured

values of k and the Reynolds stress, illustrated in figure 4.15, is

similar to the mean streamwise velocity.

Measurements and predictions for a jet having S = 0.35, reported

by Morse (II), are illustrated in figures 4.16 and 4.17. For the

higher swirl number flow, predictions using the curvature correction

are in better agreement with measurements of the decay of mean axial
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and maximumangular velocity. The development of k with str-eamwise

distance is again overestimated using the curvatuFe correction,

however, measuredvalues of k reported by Morse (11) were somewhat

lower than those obtained during the present study. Normalized values

for the decay of meancenterline axial and maximumangular velocity

reported by Morse (11) show good agreement with those obtained during

the present study. Radial profiles for the S = 0.35 jet measurements

reported by Morse (11) at x/d = 10 are shownin figure 4.17. Again,

predictions using the curvature correction showbetter agreement with

measurementsthan the standard k - c model, although the jet width

at xld = lO is slightly underestimated, even with the curvature

correction. Morse (11) states, however, that edge values of angular

velocity are not reliable and should be used with caution. The

agreementbetween the radial profiles at x/d = 10 reported by Morse

(11), shownin figure 4.17, and measurementsobtained in the present

study for similar conditions, figure 4.13, is reasonably good.

Measurementsat a higher swirl number, S = 0.5, are reported by

S_slian and Cusworth (5). Thesemeasurementswere obtained using a

single-channel LV system. Initial conditions were measuredvery

close to the injector exit, at x/d = 0.125. Measurementswere only

madenear the jet exit, ending at x/d = 5. The variation of

streamwise flow properties is shownin figure 4.18 for this flow,

Meancenterline axial and maximumangular velocities are predicted

reasonably well for x/d > 3, using the curvature correction.
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Predicted rates of decay are overestimated, however, very close to the

injector exit. Since the swirl number is relatively high for this

flow, it may not be well represented by parabolic governing equations.

Measurements and predictions of radial flow profiles at x/d = 4

are shown in figure 4.19, for the measurements of Sislian and Cusworth

(5). The agreement between the predictions and measurements is quite

good for the approach using the curvature correction. No radial

profiles at streamwise distances greater than xld = 4 were reported.

Comparisons between the measurements and predictions obtained

during the present study are illustrated in figures 4.20 to 4.22 for

the single-phase jets without swirl. The predictions generally are in

reasonably good agreement with the measurements for the nonswirling

jets. For example, predictions of the rate of decay of mean

centerline axial velocities with streamwise distance and radial

profiles of axial velocity, both show good agreement with measurements.

However, at x/d = 15, illustrated in figure 4.21, predictions of k

and Reynolds stresses are slightly higher than measurements,

particularly near the flow axis. In contrast, the jet width at this

position is predicted quite well. Farther downstream, predictions of

k and Reynolds stress are in better agreement with measurements, see

the findings at x/d = 30, illustrated in figure 4.22.

Predictions and measurements are illustrated in figures 4.23 to

4.26 for the S = 0.19 weakly swirling jet of the present study. As

shown in figure 4.23 for flow properties along the axis, the approach
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using the streamline curvature correction based on the Flux Richardson

number gave better resu]ts than the standard k c turbulence

model. Predictions and measurements of radial flow properties at x/d

= 5, 10, and 20 are shown in figures 4.24, 4.25, and 4.26,

respectively. Again, predictions using the curvature correction are

in better agreement with measurements than the standard k - c

turbu]ence mode]. The curvature modification always increases ]eve]s

of k across the entire width of the jet. This increases both the

jet width and rate of decay of mean ve]ocity components with

streamwise distance. As expected, as the angu]ar velocity decreases,

differences between predictions for turbulence models with and without

the curvature modification are decreased as we]l.

Results are not shown for the curvature modification based on the

gradient Richardson number (equation (3.10)). This modification

produces a turbulence damping effect over regions of the jet where

arw/ar is positive. Leve]s of k are on]y increased in the edge

regions of the jet where ar_/ar is negative. This is c]early not

correct for the swir]ing free jets considered during the present

study. In contrast, the curvature modification based on the flux

Richardson number tends to increase turbulence leve]s regardless of

the sign of ar_lar.

Comparisons between measurements and predictions for S : 0.33,

from the present study, are i]lustrated in figures 4.27 to 4.29. Flow

properties along the axis are i]]ustrated in figure 4.27 and

demonstrate that predictions are reasonably good, especially when
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using the curvature correction. The sharp increase in k at x/d : 2

is not predicted very well, however, even with the streamline

curvature modification. The variation of mean centerline axial and

maximum angular velocity with streamwise distance is well predicted.

Predicted and measured radial variations of flow properties for the

S = 0.33 jet of the present study at xld = 5 and lO are shown in

figures 4.28 and 4.29, respectively. Again, the curvature

modification shows better agreement with measurements than the

standard k - c turbulence model. Predictions are reasonably good at

both axial locations.

The predicted static pressure variation with streamwise distance

for the S = 0.19 and 0.33 swirling slngle-phase jets is illustrated

in figure 4.30. Static pressures along the centerline are slightly

below atmospheric pressure. For the higher swirl number, S = 0.33,

the maximum pressure difference is 70 Pa. The static pressure along

the axis rapidly approaches atmospheric pressure since angular

velocity decays rapidly. Predictions illustrated in figure 4.30 were

obtained with the flux Richardson number modification to the k - c

turbulence model. Predicted static pressures using the standard

k - c model were similar.

Based upon the single-phase results, the flow structure of the

single-phase weakly swirling jets appears to be reasonably well

predicted with turbulence models that were considered during this

study. The modification of the dissipation equation to account for
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effects of stFeamline curvatu,e, based on the filu× Richardson numbeF

generally improved the predictions.

4.2 Particle-Laden Jets

4.2.] No-Sw] r] Conditions

Measurements and predictions, using the three two-phase flow

models for the nonswir]ing jet are discussed in this section. Initial

conditions for the particle-laden jets were measured at x/d = 0.5:

the results of these measurements are illustrated in figures 4.3] and

4.32 for, S = O.

Figure 4.31 il]ustrates number-averaged partic]e velocities which

are averaged over all size groups, while figure 4.32 il]ustrates mean

particle axial velocities for particle diameters of 23, 43, and 63

_m. From figure 4.32, it is evident that at ×Id = 0.5, the larger

particles are moving s]ower than the sma]ler partic]es at the center

of the jet, but their radia] profile is flatter than the sma]ler

partic]es so the larger particles are moving faster near the edge of

the jet. Differences in axia] velocity between size groups are quite

large near the edge of the jet.

A single loading ratio of 0.2 was used for a]1 test conditions

(summarized in tab]e 2.4) and the particles had an SMD of 39 pm with a

standard deviation of ]5 pm. Because of instrument limitations, on]y

mean and fluctuating axial velocities of the gas phase could be

measured, as discussed in the Experimenta] Methods section.

Therefore, it was necessary to estimate initial values of turbu]ence
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kinetic energy for the gas phase. For- the predictions shown, ir_itia

values of k were assumedto be the sameas the single-phase flows.

Measuredvalues of (u'2) I12 for the gas phase were app,o×imately

20 percent lower across the entire jet width for- the particle-laden

jets (at the initial condition of x/d = 0.5) than for the

corresponding single-phase jets. Predictions showed that reductions

of k of 20 percent caused negligible changes in flow properties,

however, except very close to the injector. Initial values of _ for

the particle-laden jet predictions were also unchanged from the

single-phase jets. For predictions using the separated-flow models,

seven particle size groups ranging in size from 12.5 to 72.5 microns

in I0 micron increments were tracked through the flowfield. Measured

mean and fluctuating particle axial velocities at x/d = 0.5 from the

phase/Doppler particle anemometer were used as initial conditions.

Initial values of mean and fluctuating particle radial velocities were

taken from LV measurements at x/d = 0.5, which were number averaged

over all particle sizes. Fluctuating gas-phase axial velocities are

not shown in figure 4.32, however, they, along with all data taken

during the present study, are tabulated in Appendix C.

The predicted and measured variation of axial velocities in the

streamwise direction for the nonswirling, particle-laden jet are

illustrated in figure 4.33. Measured particle velocities reported in

figure 4.33 are number averaged over all particle sizes. For

comparison with these measurements, predictions from the

112



..?

1.0

.8

.6

.4

.2

0

I'ARIIC|I IAl_fl ,II I

,'_ 0

II(_ 0 'l_,/I) l_S

Up{:o I_,,8i _/S

0 I'JAI A

__ _ -- SS!

- D51

-- _ - I III

_ o

I 1 1

1.0

.8

,%- .4

.2

_0

J l J
0 10 20 _0

x/d

Figure 4.33. - Streamwise variation of number averaged axial
velocity For the particle-laden jet (S = 0).

]]3



separated-flow models were number averaged over all seven size groups

as well. By comparing figures 4.1 and 4.33, it is evident tllat axial

velocity decays more slowly for the particle-laden flow than for the

single-phase flow due to momentum exchange from the particles.

Because the particle loading ratio is relatively low, predictions from

both the locally homogeneous flow and stochastic separated flow models

are nearly identical and also show reasonably good agreement with the

experimental measurements. For the gas-phase axial velocity,

deterministic separated flow model predictions were identical to those

from the stochastic separated flow model and are not shown.

Predictions using the locally homogeneous flow and separated-flow

models for particle axial ve]ocities show distinct differences. The

neglect of particle inertia, illustrated by predictions from the

1ocally homogeneous flow model, overestimates the rate of decay of

particle axial velocity. Predictions from both the stochastic and

deterministic models are similar and show reasonably good agreement

with measurements for particle axial velocity decay.

Radial profiles of flow properties, number averaged over all

particle sizes, for the particle-laden jets without swirl, are

illustrated in figures 4.34 to 4.36. Measurements and predictions are

illustrated for xld = 5, 15, and 30. Gas-phase jet widths are

slightly overestimated for the particle-laden flows at xld = 15 and

30, see figures 4.35 and 4.36. The overestimation of gas-phase flow

width is probably caused by turbulence modulation due to the
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particles. Even though the loading ratio was relatively low, values

of (u'2) ]/2 for the particle-laden jets are ,-educed compared to

the singTe-phase jets. The reductions in fluctua_ir_g velocities

reduce turbulent mixing rates and, thus, tile jet width. Particle

axial velocity profiles are reasonably well predicted by a11 the

models, however, since the locally homogeneous flow model

overestimates the rate of axial velocity decay with streamwise

distance, the values of axial velocity predicted by this approach are

generally lower than the measurements.

Radial profiles of particle mass flux illustrate the different

physical assumptions embodied in the three models. As illustrated in

figures 4.35 and 4.36, the no-s]ip assumption of the loca]ly

homogeneous flow model causes the radial dispersion of the partic]es

to be overestimated. At x/d < 15, both separated-flow models give

similar predictions of part]cle mass flux. However, at larger

streamwise distances, see figure 4.36, the neglect of turbulent

dispersion of the particles causes the deterministic separated ftow

model to underestimate the spread of the particles. Since mean

gas-phase radial velocities are quite small at these axial distances,

turbulent dispersion is the only mechanism available For radial spread

of the particles. Only the stochastic separated flow model, which

accounts for both particle inertia and turbulent disperison of the

particles, correctly predicts the radial distribution of particle mass

flux at x/d = 30 (see figure 4.36).
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The predictions of fluctuating particle properties for the

stochastic separated flow model, also illustrated in fiigures 4.34 to
-_2 112

4.36, are reasonably good, however, (u ) is slightly
P

underestimated at x/d = 30. This is probably caused by the

assumption of isotropic ve]ocity fluctuations, which causes streamwise

continuous-phase velocity changes experienced by the particle to be

-_ 1/2
underestimated. In particular, measured values of (u ) were

! I

always greater than (v 2)]/2 and (w 2)]/2 for the single-phase

jet and it is expected that this behavior should be similar for the

particle-laden jet.

These results for the particle-]aden jets without swirl are

similar to those previously reported by other investigators for

similar flows (38 to 41).

Measurements and predictions of particle mean axial velocity for

23, 43, and 63 pm particles at x/d = 5, 15, and 30 are illustrated in

figure 4.37 for the nonswirling jet. Only predictions from the

stochastic separated flow model are presented. As illustrated in

figure 4.37, decay of axial velocity of the larger particles is slower

than the smaller particles. By x/d = 15, the 63 micron particles

have the highest velocity. Predictions from the stochastic separated

flow model are in reasonably good agreement with measurements and

correctly show the general trends.

4.2.2 Swirlinq Conditions

Measurements and predictions for the particle-laden swirling jets

are discussed in this section. Initial conditions for the
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particle-laden swirling jets were measured at ×/d = 0.5. Jets having

swirl numbers of S = 0.16 and 0.3 were studied. A single loading

ratio of 0.2 was also used for the swirling flows. Test conditions

are summarized in table 2.4. As previously discussed, LV particle

velocity measurements were number averaged over all particle sizes.

In addition, simultaneous particle sizes and axial velocities were

measured using the phase/Doppler particle anemometer.

Measurements of flow properties, averaged over all particle sizes,

are illustrated in figures 4.38 and figure 4.39 for the particle-laden

swirling jets. Mean axial velocities of 23, 43, and 63 pm particles

at xld : 0.5, are illustrated in figure 4.40. It is apparent that

the presence of swirl has a large effect on the particle-laden jets,

see figures 4.38 and 4.39. Compared to the jet without swirl, the

maximum particle mass flux has shifted outward from the centerline of

the jet to r/x : 0.8. Particle velocity fluctuations also increase

with increasing swirl. In addition, increaslng swirl also increases

the variation of mean axial velocity with particle size, as

illustrated in figure 4.40. At x/d = 0.5, larger particles are

moving at a lower axial velocity than smaller particles throughout

most of the jet. The radial velocity profile of the larger particles

is much flatter than the smaller particles: as a result, the

velocities of the larger particles are greater than the smaller

particles near the edge of the jets. Fluctuating particle axial

velocities for each size group are not shown in the figures but are

tabulated ]n Appendix C.
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As discussed earlier for the particle-laden jets, only mean and

fluctuating axial velocities of the gas phase could be measured.

Thus, it was necessary to estimate initial values of the gas-phase

angular velocity and the turbulence kinetic energy in order to

initiate calculations. The initial angular velocity of the continuous

phase was estimated by subtracting the measured initial particle-phase

angular momentum from the values obtained for the single-phase flows.

For both swirling flows, particle-phase angular momentum was

approximately 10 percent of the measured single-phase angular

momentum. Initial values of k and also c were assumed to be the

same as the single-phase flows. Separated-flow predictions were made

using seven particle size groups having diameters ranging from 12.5 to

72.5 wm, in 10 _m increments. Initial values of particle mean and

fluctuating axial velocities for each size group were obtained from

phase/Doppler measurements at x/d : 0.5. Initial values of particle

radial and angular velocities were assumed to be identical for all

size groups, and were obtained from number-averaged LV measurements.

Sensitivity of the predictions to initial values is discussed in a

later section.

Predicted and measured flow properties in the streamwise

direction are illustrated in figures 4.41 to 4.43 for the swirling

particle-laden jets. Only the standard k - c turbulence model was

employed for predictions of the particle-laden flows reported in the

following. Reasons for not considering a correction For streamline

curvature are discussed later.
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Predicted and measuredgas-phase axial velocities are shownin

figure 4.41 for swirl numbersof O.16 and 0.3. As illustrated in

figure 4.41, increasing swirl increases the rate of decay of axial

ve]ocity, similar to single-phase flows. Predictions from the ]oca]ly

homogeneousflow and stochastic separated flow mode]s are nearly

identical and show reasonab]y good agreement with measurementsfor

both swirling flows. Again, predictions of gas-phase axial velocity

using the deterministic separated f]ow model are nearly identical to

predictions using the stochastic separated f]ow model and are not

shownin the figure.

Particle meanaxial and maximumangular velocities, number

averaged over al] partic]e sizes, are plotted as a function of

streamwise distance in figures 4.42 and 4.43, respectively. As

expected, neglecting slip between the phases causes predictions from

the locally homogeneousf]ow model to overestimate the rate of decay

of particle velocities. Differences between predictions from the

deterministic and stochastic separated f]ow models were sma]l: both

showgood agreement with measurements. At the initial condition (x/d

= 0.5), axial velocities of the particles were lower than the

continuous phase except near the edge of the jet for both swir]ing

flows, see figures 4.38 and 4.39. Particle axia] velocities initia]iy

increase, due to momentumexchange from the continuous phase, before

beginning to decay. As can be seen from figure 4.42, both

separated-flow models correctly predict this behavior.
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Radial profiles of flow properties for the particle-laden

swirling jets are illustrated in figures 4.44 to 4.53. Velocity

measurements, number averaged over all particle sizes, are illustrated

in figures 4.44 to 4.51. Particle mean axial velocities for three

size groups are illustrated in figures 4.52 and 4.53 for the two

swirling flows.

Measurements and predictions of radial flow profiles at x/d = 2

are illustrated in figures 4.44 and 4.45 for S = 0.16 and S = 0.3,

respectively. Similar to the results observed for the nonswirling

particle-laden flow, predictions of gas-phase velocities using the

locally homogeneous flow and stochastic separated flow models are

nearly Identical and both slightly overestimate the gas-phase flow

width. Again, the probable cause is turbulence modulatlon by the

particles, which was not considered by the present models. All

predictions reported here employed the standard k - c turbulence

model. For slngle-phase jets with swirl, the jet width was always

underestimated uslng the standard k - c turbulence model and

streamline curvature modificatlons were introduced which increased the

predicted jet width. Because of the turbulence modulation by the

particles, predictions with the streamline curvature modification

showed even poorer agreement with the measurements than the standard

k - c model and are not i11ustrated in the figures. At x/d = 2, the

stochastic separated flow model overestimates particle velocities for

r/x greater than about 0.2. Predictions of particle axial velocity
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from the deterministic separated flow model show the best agYeement

with the measurements at x/d = 2. The locally homogeneous flow model

underestimates particle axial velocity due to the neglect of particle

inertia. Predictions this close to the injector exit are extremely

sensitive to initial conditions, however, which may be a factor in

these results.

The radial profile of particle mass flux illustrates the

differences between the three models. In contrast to the nonswirling

flow, the peak particle mass flux for the swirling flows is not found

at the centerl_ne of the jet, but is shifted radially outward due to

centrifugal forces. Calculations for all three models were initiated

at x/d = 0.5 using the experimentally measured particle mass fluxes

as initial conditions. As illustrated in figures 4.44 and 4.45, the

locally homogeneous flow model predicts a shift in the maximum mass

flux to the center of the jet, because turbulent dispersion of the

particles is overestimated due to the no-sllp assumption. Predictions

of particle mass flux from both of the separated-flow models are

similar and show better agreement with measurements. Stochastic

separated flow model predictions of particle fluctuating velocities

at x/d = 2 are also illustrated in figures 4.44 and 4.45 and show

good agreement with measurements. Even though continuous-phase

fluctuations are assumed to be isotropic, predicted fluctuating

particle axial velocities are greater than fluctuating radial or

angular velocities because particles with different axial velocities

141



are transported radially by fluctuating radial and angular

velocities. Also il]ustrated in figures 4.44 and 4.45 are particle

angular velocities. Angular velocities at xld = 2 appear to be

better predicted using the ]oca]ly homogeneousflow mode], however,

this maybe the result of inaccurate initial gas-phase angular

velocities or the assumption of equal initial angular velocities of

a]] size groups, as discussed earlier. Measuredangular ve]ocities

also have relatively high uncertainties, as discussed in Appendix A.

Radial profiles of number-averagedflow properties for the

swir]ing, particle-laden jets at xld , 5 are illustrated in figures

4.46 and 4.47 for S = 0.16 and 0.3, respectively. As expected,

increasing the swirl number increases the width of the particle-laden

jet, similar to the behavior observed for the single-phase jets. The

gas-phase flow width is slightly overestimated at xld = 5 for both

swirling flows. Again, this is probably due to turbulence modulation

by the particles, as discussed earlier. A]so, because the gas-phase

flow width is overestimated, particle axial velocities are also

overestimated for the separated-flow models. The stochastic separated

flow model overestimates particle axia] veloclties to a greater extent

than the deterministic separated flow model. The locally homogeneous

flow model, however, underestimates particle axial velocities, due to

the neglect of particle inertia. At xld = 5, particle axial

velocities, nu!_beraveraged over all size groups, are nearly equal to

the continuous phase. A comparison between predictions and
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measurementsof particle mass flux at xld = 5 shows similar results

to those observed at x/d = 2. However, differences between the model

predictions are more pronounced. For both swirling flows, the locally

homogeneousflow model predicts the maximumparticle mass flux at the

center of the jet, which is clearly not correct. The neglect of

turbulent dispersion of the particles, illustrated by the

deterministic separated flow model, causes the particles to be

confined to a relatively narrow region of the flow. If only mean

properties of the continuous phase are considered, the particles are

transported by centrifugal forces to regions where radial velocity is

small and tend to remain there. Considering turbulent fluctuations of

the continuous phase gives better predictions of particle mass flux

at x/d = 5. The predicted maximumparticle mass flux is shifted

radially outward when comparedto the measurements. This is again

probably caused by the overestimation of jet width at this streamwise

location. Predictions of meanparticle angular velocities and

fluctuating particle velocities are quite good for the S = 0.16 flow,

see figure 4.46. For the hlgher swirl numberflow, S = 0.3, particle

fluctuating axial velocities are overestimated, however, predictions

of the other two fluctuating particle velocities show better agreement

with measurements.

At the streamwise location of x/d = I0, number-averaged particle

velocities, averaged over all sizes, are greater than the continuous

phase for both swirling flows considered during the present study.
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Radial profiles of flow properties are illustrated in figures 4.48 and

4.49 for S = 0.16 and 0.3, respectively. The continuous-phase flow

width is again slightly overestimated, however, predictions show better-

agreementwith measurementsat x/d = lO than at locations closer to

the injector. For the lower swirl number flow, S = 0.16, particle

axial velocities are well predicted with the stochastic separated flow

model. Predictions based on the locally homogeneous flow model also

are quite good, however, this model overestimates the rate of decay of

axial velocities see figure 4.42; therefore the unnormalized predicted

velocities are lower than the measurements. At this streamwise

distance, angular velocities have decayed to negligible values and are

not reported. As illustrated in figures 4.48 and 4.49, the radial

dlstribution of particle mass flux at x/d = lO has significantly

shifted from the profiles found at x/d = 5. By x/d = lO, the

particles have dispersed sufficiently so that the maximum mass flux

has shifted to the center of the jet for the S = 0.16 flow and is

clearly headed in that direction for the S = 0.3 flow. Neglecting

turbulent dispersion of the particles causes the particles to remain

in a relatively narrow region for both swirling flows. For the

S = 0.3 flow, no particles whatsoever are predicted for r/x less

than about O.l with the deterministic separated flow model. The

stochastic separated flow model does not adequately predict this abrupt

shift in particle mass flux at this streamwise location. Predicted

values of fluctuating radial and angular number-averaged particle
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velocities are lower than measurements for both swirl flows. This is

probably due to the assumption of isotropic velocity fluctuations for

the eddies in the stochastic model.

Radial profiles of gas-phase properties at x/d = 20 are

illustrated in figures 4.50 and 4.51 for both swirl flows. Predictions

are in better agreement with measurements at this position than closer

to the injector, although the jet width is still slightly

overestimated. Predictions at x/d = 20 are not as sensitive to

initial conditions and the swirl component has almost completely

decayed. Again, there is llttle difference between predictions of

gas-phase properties for the no-slip and separated-flow models.

Predictions of axial velocities are in good agreement with measurements

for all three models. However, since the locally homogeneous flow

model overestimates the rate of decay of axial velocities, predicted

unnormalized velocities from this model are lower than the

measurements. Predicted values of (u'2) 1/2 underestimate the
P

measurements while (v'_)1/2_ and (w,2) 1/2
P are in reasonably good

agreement with measurements using the stochastic model. Since effects

of swirl have decayed at this axial locatlon, ignoring the anisotropy

of the continuous phase is the main reason for this behavior. The

particle mass flux predictions again highlight the different physical

assumptions of the three models. Particle mass flux measurements

indicated that between x/d = 5 and x/d = 10, the maximum mass flux

shifted to the center of the jet for both swirl cases. Since angular
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and radial velocities have decayed to relatively small values at this

distance, and would tend to move particles outward, the only mechanism

for transport inward is turbulent dispersion. As shown in figures

4.50 and 4.51, the predicted maximum particle flux from the stochastic

separated flow model has not completely shifted to the center of the

jet, however, it is clearly evolving in this direction. In contrast,

the deterministic separated flow model predicts a very narrow

distribution with no particles at the center of the jet. Compared to

the nonswirling case, the locally homogeneous flow model

underestimates particle dispersion for both swirling flows at x/d =

20. This behavior is caused by neglecting the angular inertia of the

particles which tends to transport them radially.

Measurements and stochastic separated flow model predictions of

mean axlal velocities, for particle diameters of 23, 43, and 63 pm in

the two swirling flows, are illustrated in figures 4.52 and 4.53.

Radial profiles of u are shown at axlal locations of x/d = 2, 5,
P

I0, and 20. At xld :2, the velocity of the smaller particles is

larger than the larger particles near the center of the jet. Due to

their increased inertia, the axial velocities of the larger particles

decay at a slower rate than smaller particles, and by x/d = 20,

larger particles are moving at higher velocities than the smaller

particles at all streamwise locations. Increasing swirl increases the

variation of velocity with particle size, see figures 4.52 and 4.53.
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Stochastic separated flow mode] predictions of meanparticle

a×ia] velocity for each size group showbetter agreement with

measurementsas distance from the injector exist increases. At

streamwise distances of x/d = ]O and less, radial profi]es of a×ia]

velocity are overestimated for both swir]ing flows. As discussed

earlier, this is probably due to turbulence modu]ation since the

continuous-phase jet width was also overestimated for these flows, see

figures 4.44 to 4.49. At x/d = 5, particle velocities are

underestimated for both swirling flows. Since predicted center]ine

particle ve]ocities were higher for the deterministic separated flow

mode] at x/d = 5 and lO, this appears to be the resu]t of eddy

specification in the stochastic mode]. This is especia]ly true for

the 23 pm particles. Eddies are assumedto travel at the gas-phase

velocity at their point of origination; therefore, the smaller

particles, which have shorter relaxation times, tend to remain in a

particular eddy longer than larger particles.

Predictions from the stochastic model dlsplay the correct trends

with respect to changes of particle velocities with streamwise

distance. Predictions at x/d = 20 exhibit good agreement with

measurements for both swirling flows.

4.3 Sensitivity Study

Based upon the results of the present study, the stochastic

separated flow model appears to be reasonably successful in treating

weakly swirling, particle-laden jets. All predictions, however,

147



depend on the prescription of initial conditions and the empiFical

correlations for CD. The sensitivity of the stochastic separated

flow model to variations in various parameters is examined in the

present section.

Nine key parameters were considered during the sensitivity

study. The initial turbulence kinetic energy was considered since it

could not be measured for the particle-laden jets and single-phase jet

measurements were used instead. Similarly, co was computed using

ko and a length scale based upon the jet width; therefore, effects

of uncertainties of c o were also studied. Since the present flows

were not monodisperse, dp was also chosen as a variable in the

sensitivity study. Standard particle drag empirical relations were

adopted, thus, CD was also considered. The eddy length scale,

which was adopted from Gosman and loannides (66), as modified by Shuen

(41), was also considered. Since initial particle radial and angular

velocities were number averaged over all size groups, these were

considered as well. For completeness, inltial particle axial

velocities were also considered. Finally, since gas-phase angular

velocities could not be measured in the particle-laden jets, and were

estimated by subtracting particle angular momentum from single-phase

measurements, initial values of w were also considered during the

sensitivity study.

Results of the sensitivity study are summarized in tables 4.1 and

4.2. The percent change in the computed output variable for a
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Table 4.1 - Results of the Sensitivity

Study at ×/d = 5 for S = _.3
Particle-Laden Swirling Jet

.... h

Param- u k w u w G

eter c _ m pm pm m
-2
U

C

k -0.8 2.5 -1.6 -1.8 -].5 ~0
0

0

•3 -.6 .6 .8 3.2 -,I

w -5.6 9.5 19.5 -I0.0 4.5 -0
0

u ~0 ~0 -0. l -2.8 l .2 ~0

po

w ~0 .2 l. 1 -9. I -5.6 8

po

v MO ~0 ~.2 -10.4
po

CD .1 -. 1 -.3 -.6

d .7 -2.5 -I .9 46.0
P

L -.I .3 -.6 3.3
e

apercent change in output variable for a
25 percent increase in input variable.

bpercent change in radial location of Gm.

-1.3 ~0

3.6 -17

-6.6 -8

.3 8
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Table 4.2 - Results of the
Sensitivity Study at

×/d = 20 for S = 0.3

Particle-Lade_ Swirling
Jet

- - b
Param- u k u G

eter c _ pm m
2

U C

k -0.9 0.5 3.5 23
0

0.3 -.l 3.6 -I
0

w -2 -I .6 -2.5 23
o

u ~0 . ] 2.9 22
po

w -.7 .8 1.2 I
po

~0 -.2 3.0 22
Vpo

CD .2 .5 2.8 0

d 3.5 -5.9 5.3 23
P

L -.7 .4 -1.9 -44
e

apercent change in output variable

for a 25 percent increase in

input variable.

bpercent change in radial location

of Gm .
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25 percent increase in the input variable are tabulated. The

sensitivity study was conducted using the stochastic separated flow

analysis. Baseline predictions were generated using initial conditions

of the S = 0.3, particle-laden jet, with a single particle size of 39

microns.

At x/d = 5, see table 4.l, a 25 percent increase in any of the

input parameters has a relatively small effect on all gas-phase

predicted properties, except for wo. This is not surprising since

jet structure is very sensitive to swirl number. Increasing w_0 by

25 percent increases both the turbulence kinetic energy and maximum

angular velocity. A 25 percent increase ]n w° causes a 5 percent

decrease in centerline axial velocity since the width of the jet is

increased. Gas-phase predicted properties are not greatly influenced

by initial particle parameters since this flow is relatively dilute.

Predictions of particle properties at x/d = 5 show a greater

dependenceon initial conditions than the continuous phase. As

illustrated in table 4.l, increasing the particle diameter by 25

percent produces the largest effect on predictions of particle

properties at x/d = 5. The increased particle diameter causes the

predicted meanparticle axial centerline velocity to increase by

nearly 50 percent due to the increased inertia of the larger

particles. Predictions of particle properties are less sensitive to

initial values of particle angular and radial velocities. Increasing

w causes the particles to move to larger radial locations where
po
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they encounter reduced continuous-phase axial and angular velocities,

tending to reduce particle velocities. Increasing G also causes
po

an increase of the radia] location of GM. Increasing #po also

decreases particle velocities, however, GM is not affected.

Variations in the other parameters considered during the sensitivity

study produced smaller changes in particle properties at x/d = 5, see

table 4.1.

Table 4.2 presents the results of the sensitivity study at

x/d = 20. For the baseline case considered, all velocities have

decayed to re]atively ]ow values, especially the angular ve]ocities of

both phases, which are negligible at this streamwise location and are

not reported. As expected, sensitivity of the predictions to changes

in initial conditions is reduced at x/d = 20 compared to x/d = 5,

with the exception of the radial location of GM. At x/d = 20, the

radial location of GM is shifted toward the center of the jet, so

that smal] variations in the predicted location show up as large

percentage changes. It _s evident from table 4.2 that the predictions

show the largest sensitivity to the particle diameter but the increase

in particle axial velocity is reduced to about 5 percent at x/d = 20.

Predictions are less sensitive to the other parameters at x/d = 20.

For the weakly swirling particle-laden jet considered during the

sensitivity study, the stochastic separated flow predictions are most

sensitive to particle size. Predictions are less sensitive to initial

values of w, Wp, and #p, although these parameters are still

important. Predictions appeared relatively insensitive to the other

parameter_ considered during the sensitivity study.



CHAPIERV

SUMMARY AND CONCLUSIONS

5.1 Summa_:y

The overall objective of the present study was to investigate

weakly swirling, particle-laden, turbulent jets. Measurements were

emphasized, however, predictions were used to help interpret the

measurements and to initiate evaluation of methods to estimate flow

properties.

Experiments were initially conducted for three, single-phase jets

having swirl numbers of O, 0.19, and 0.33 to provide baseline data for

the particle-laden jets. Measured flow properties for the

single-phase jets included: mean and fluctuating axial and angular

velocities, fluctuating radial velocity, turbulence kinetic energy,and

Reynolds stress. A two-color LV system was used to measure velocities

of the slngle-phase jets.

Experiments were also conducted for three particle-laden jets

with swirl numbers of O, 0.16, and 0.3. The particle size

distribution had a SMO of 39 pm while a single mass loading ratio of

0.2 was used. For the continuous phase, mean and fluctuating axial

velocities were measured with a single-channel phase/Doppler

anemometer. For the particle phase, mean and fluctuating axial,

radial, and angular velocities were measured using a two-color LV
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system. Also for the particle phase, mean and fluctuating axial

velocities for each particle size were measured using a single-channel

phase/Doppler anemometer. Isokinetic sampling was used to measure

particle mass flux distributions.

For the single-phase flows, governing equations for conseFvation

of mass and momentum were solved using the finite-difference code,

GENMIX (89). The equations were closed using a k-c turbulence model

which had been calibrated for constant and variable density,

single-phase, round jets. Two modifications of the k-c model, which

attempt to account for effects of streamline curvature, were also

evaluated.

Three two-phase flow models were evaluated for the particle-laden

flows. They included: (1) a locally homogeneous flow (LHF) model,

where interphase transport rates are assumed to be much faster than

the rate of development of the flow as a whole; (2) a deterministic

separated flow (DSF) model, which allows for finite interphase

transport rates (evaluated uslng the mean properties of the continuous

phase), but ignores interactions between the particles and turbulent

fluctuations; and (3) a stochastic separated flow (SSF) model, where

finite interphase transport rates and interactions of particles with

turbulent eddies are considered using Monte-Carlo methods.

The governing equations for the continuous phase were based on

the Favre-averaged conservation equations written in an Eulerian

coordinate system. The dispersed phase was treated (for the separated
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flow models) by solving Lagrangian equations-of-motion for the

partic]es. A modified version of the GENM[X program (89), combined

with a second-order Runge-Kutta ordinary differential equation solver

for particle motion, was used to solve the governing equations.

5.2 Conclusions

The major observations and conclusions of the present study are

as follows:

(1) For the weakly swirling free jets, increasing the swirl

number increases the rate of mean axial and angular velocity decay

with streamwise distance. Increasing the swirl number also increases

the turbulence kinetic energy, the Reynolds stress, and the width of

the swirling jets.

(2) For the single-phase, weakly swirling jets, a version of the

k-c turbulence model, which was modified to include effects of

streamline curvature, showed better agreement with measurements than

the standard k-c turbulence model. This modification involved

replacing one of the constants in the dissipation equation with a

function of the flux Richardson number.

(3) Predictions using the stochastic separated flow model showed

reasonable agreement with measurements for the nonswirling,

particle-laden jets. In general, the locally homogeneous flow model

overestimated both the rate of particle velocity decay and the rate of

spread of partic]es in the nonswir]ing jet due to the neglect of

particle inertia. The deterministic separated flow model
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underestimated particle spreading rates due to the neglect of the

effect of turbulent fluctuations on particle motion. Only the

stochastic separated flow model, which accounts for both particle

inertia and effects of turbulent fluctuations, correctly predicted

particle spreading rates over the entire f]owfield.

(4) Particle axial fluctuating velocities were generally

underestimated at far downstream locations. This is probably due to

the assumption of isotropic velocity fluctuations in the stochastic

separated flow mode], since fluctuating axial velocities are expected

to be greater than fluctuating radial on angular velocities.

(5) Near the injector exit, jet widths were overestimated with

the separated-flow models. This was probably caused by turbulence

modulation by the particles, which was not considered in the analysis.

(6) Meanaxial velocities For each particle size group were

reasonably we]] predicted for the particle-laden jets using the

stochastic separated flow mode]. Predictions showedthe sametrends

as measurementsfor particle streamwise axial velocity decay of each

size group.
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APPENDIX A

E×PER[MENTAL UNCERTAINTIES

A.l Bias Errors

A.l.l Single-Phase Jet Velocities

Bias errors in velocity determinations using LV arise from

several sources, as follows (93): (I) directional ambiguity, due to

the inability of a stationary or slowly translating fringe pattern to

provide an indication of the direction in which particles are crossing

the fringes; (2) directional bias, due to particles crossing the

measuring volume at a small angle with respect to the plane of the

fringes so that an insufficient number of fringes are crossed to be

processed; (3) concentration bias, due to varying particle

concentrations in the flowfield; (4) velocity bias, due to the fact

that for a uniformly seeded flowfield, more particles having a higher

velocity are measured than those having a lower velocity; and (5)

gradient bias, due to variations in flow velocity in the measuring

volume. Each of these possible sources of biasing are discussed in

the following.

The present measurements in single-phase jets employed frequency

shifting for both channels to eliminate errors due to directional

ambiguity. Effective shifting levels were set at each location so

that maximum negative velocities could be detected. For axial

velocity measurements, effective shifting levels, of 0.5 and I MHz

were used. For radial and angular velocity measurements, effective
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frequency shifting levels of 2 and 5 MHzwere u'_ed. Use ()I lle,lkJerl_y

shifting also minimized directional biasing.

Concentration bias was not a factor during the present

experiments since both the jet and ambient surroundings were seeded.

Velocity bias can be a factor in highly turbulent flows when

particle averages are used. Various techniques have been suggested

(93 to 97) to minimize this effect. The approach taken during tile

present measurements was to operate the counters in the total bu_-st

mode and apply a weighing factor to the measurement based upon the

measured time of the doppler burst. This approach was suggested by

Buchave and George (93) and found to give reasonably good results.

For the present measurements, time averaged values were calculated as

follows"

Ui_ui

_Ui (A.I)
1

I'](_)112 ui= _ _2

'tu i

112

(A.2)

where _ui is the measured time of the ith doppler burst. Time

averaged values of mean and fluctuating, radial and angular velocities

are calculated in a similar manner. For Reynolds stress, time

averaged values were calculated as follows-

170



uiVi_uv i _ Vi_uvi _ Ui_uv i
u'v i _i _i --' ............ + (uv) (A.3)

_<uvi _uvi _ _uvi
I ] i

where _uvi is the smaller of the two measured doppler burst

times from the two counters measuring u and v.

The final source of biasing considered is gradient biasing. This

bias can be estimated using the analysis reported by Kreid (98). For

this analysis, only velocity gradients in the radial direction are

considered and all seeding particles crossing the measuring volume are

assumed to be recorded, so that higher-order terms in the Taylor

series expansion of mean velocity (expanded from the center of the

measuring volume) can be ignored. The difference between the actual
l

velocities, u and _', and the measured values, U t and ut'

can then be estimated as follows"

£2 a2G
(A.4)li t - _l - 6 ar 2

I - _'21 = T- (A.5)

where _Z is the half-width of the measuring volume in the radial

direction.

0

Maximum gradient biasing occurred at x/d = 0.5 for the flows

considered here. Using the depth of field limit for measuring volume

length, the estimated gradient biasing error was less than 0.I percent

for mean values and approximately 0.5 percent for fluctuating values.

If the depth of field limit for probe volume length is not applieo,
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gradient bias errors are larger, however, and at the same location,

they are estimated to be less than 1 percent for meanvalues and

approximately 30 percent for fluctuating values. [hese are maximum

values, and are only found in a small radial region at x/d = 0.5:

the majority of errors are considerably smaller at other locations in

the filow.

A.1.2 Particle-Laden Jet Velocities

A.1.2.1 Dispersed-phase ve]oc)tjes_ - Biasing errors for LV

measurements of particle velocities are similar to single-phase

velocity measurements.

Frequency shifting was used to eliminate errors due to

directional ambiguity and to minimize errors due to directional bias.

Velocity bias was not a factor in these measurements because

number-averaged velocities are desired for comparison with theory.

For particle velocity measurements, the counters were operated in the

total burst mode but no residence time weighting factor was included

so that number averages were obtained.

Gradient biasing was the greatest potential source of bias error

for particle velocity measurements. For these measurements, grazing

encounters with the measuring volume are recorded as valid

measurements so that the dimensions of the measuring volume were

increased by the diameter of the largest particles in the flow.

Equations (A.4) and (A.5) were used to estimate gradient bias errors.

Maximum bias errors are found at x/d = 0.5. For the worst case
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considered, particle velocities are biased less than 0.t percent for

mean values and less than 2 percent for fluctuating values. At other

positions in the flow, biasing errors for fluctuating values are

reduced to less than ] percent. Therefore, gradient biasing errors

are small in comparison to other uncertainties of the particle

velocity measurements.

A.].2.2 Continuous-phase velocities - Biasing errors for LV

measurements of continuous phase velocity are similar to those

previously discussed. The instrument used to measure continuous phase

velocities simultaneously measured both particle size and velocity.

Because frequency shifting was not available for this instrument, only

mean and fluctuating a×ia] velocities were measured in order to

minimize directional bias. To further minimize directional bias,

a×ia] velocity measurements were not attempted in regions of the flow

near the edge of the jet where negative velocities may be found due to

the low mean values of a×ia] velocity.

Velocity bias may influence measurements of continuous-phase

velocity, especially in highly turbulent regions. The processor

considered the entire Doppler burst and mean and fluctuating axial

velocities were calculated from number-averaged velocities for each

particle size group. As discussed in (93, 94, 96), for flows with

_urbulence intensities above approximately 30 percent, velocity bias

can be an important source of error in measurements. For the present
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measurements, regions near the edge of the jet where turbulence

intensities are quite high were avoided in order to minimize velocity

bias effects.

Gradient biasing errors for continuous-phase measurements are

similar to those previously discussed and were estimated using

equations (A.4) and (A.5). Maximum biasing occurred at x/d = 0.5

where gradient bias errors were estimated to be on the order of 0.1

percent for mean values and 1 percent for fluctuating values. It can

be concluded that gradient bias was negligible for the present

measurements.

A.1.3. Particle Mass Flux Measurements

Particle mass flux measurements were obtained by collecting

particles using an isokinetic sampling probe for a timed interval and

weighing. In order to insure reasonable sampling times and adequate

resolution, probes with inside diameters of 2 and 5 mm were used.

Because of the relatively large d_ameter of the probe, errors due to

particle gradients in the radial direction are the major sources of

bias errors. Similar to the analysis for gradient bias in velocity

measurements, the gradient bias error in particle mass flux

measurements can be estimated as follows:

a2_ <A.6)
t - ~ 6 2

ar
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where d is the inside diameter of the probe. Gradients are highest

at x/d = 0.5 where the maximumgradient bias was estimated to be on

the order of 2 percent.

A.2 Uncertainty Estimates

A.2.1 General Formulation

The uncertainty analysis described by Kline and McClintock (99)

and Moffat (lO0) was adopted to estimate experimental uncertainties

for the present measurements. An output variable, R, is considered,

which is a function of n measured variables, Xi, as follows:

R = R(XI,X2,X3,...X n) (A.7)

The Xi are subject to uncertainties, 8x i, and the resulting

uncertainty in R, e.g., 6R, is to be determined. The 6X i and

8R can be defined as the expected standard deviation of these

quantities as some percentage of the confidence interval of these

quantities, e.g., the 95 percent confidence interval is most

frequently chosen (lO0) and is used here as well. The relative

uncertainty can be expressed as follows:

2 2] 112aR (A.8)
R- _ + _\--R-J + "'" 8Xn

Equation (A.8) will be used to estimate relative uncertainties in the

following.

A.2.2 Mean and Turbulent Continuous-Phase Velocities

A.2.2.1 Single-phase jet measurements - In considering

uncertainties in continuous-phase velocity measurements, positioning
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errors are ignored since this only influences the position at which

data points are located and this accuracy has been given previously.

The meanvelocity measurementthen dependson the overall calibration

factor, K, between the averaged electrical signal, E, from the counter

and velocity. The electrical signal, E, is averaged over all Doppler

bursts considered. This can be expressed as follows'

= EE (A.9)
x

Applying equations (A.8) to (A.9) yields

U

The overall calibration factor, K, was verified using a rotating

disc. The uncertainty of E was estimated from actual measurements

at various locations in the flowfield using standard operating

procedures. The uncertainty is estimated as two times the standard

deviation found in these measurements (-95 percent confidence

interval). Substituting the appropriate estimates into equation

(A.IO) then yields an uncertainty for mean axlal velocities of

5 percent. Uncertainties of mean angular velocity measurements can be

quite high since values of G decrease to zero at the centerline and

near the edge of the jet. In addition, peak values of _ are smaller

than _ and _ decays rapidly with axial distance. Using equation

(A.lO) for _ at x/d = 10 yields an uncertainty for mean angular

velocity of 20 percent. Uncertainties in _ are smaller closer to

(A.IO)
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N N

Assuming ex = er

the injector exit, since w is larger while uncertainties farther

downstream are larger because _ is smaller.

The uncertainties in velocity fluctuations were also estimated

for the single-phase Flows. For this case 7 i represents the

fluctuating electrical signal from the doppler bursts and fluctuating

axial velocity can be expressed as follows'

_' = K_"
X

Applying equation (A.8) yields

Equations for V' and _" are similar. Using representative

standard deviations in measurements of fluctuating quantities

throughout the flowfield yields uncertainties for u, v , and _' of

less than 5 percent.

Uncertainties in quadratic quantities, such as k and

larger. For k, we have"

1 K2 ~2 -2 ~2)
k = _ (ex + er + e@

= e_, and applying equation (A.8) yields"

k - + 2

Substituting appropriate estimates into equation (A.14) yields an

uncertainty estimate of 12 percent for k.

For Reynolds stress, we have"

(A.11)

(A.12)

U'y', are

(A.13)

(A.14)
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Kae e
X I"

Applying equation (A.8) yields

_ 2 exer

_"_" \exer/

Obviously, similar to w, in regions where

1/2

u'_' iS small,

(A.15)

near

the axis and edge of the jet) the uncertainty can be very large. A

more representative condition is the region near the peak of max mum

Reynolds stress. Substituting these values into equation (A.15)

yields an uncertainty of 14 percent for peak values of _'_'

A.2.2.2 Particle-Laden Jet Measurements - Uncertainties of

mean and fluctuating axial velocities of the continuous phase for the

particle-laden flows were calculated from equations (A.IO) and

(A.12). Uncertainties are estimated to be less than 4 percent for

and less than 5 percent for _'. These are identical to the estimated

uncertainties for the single-phase flows.

A.2.3. Dispersed-Phase Velocities

Uncertainties of measured mean and fluctuating particle

velocities were calculated from equations (A.IO) and (A.12). The

estimated uncertainty of _p

estimated uncertainty in V
P

larger than _p because #p

uncertainty in _ at x/d = 0.5 is 6 percent near the maximum
P

value of _p, however, for the same reasons as previously discussed

was less than 5 percent. The

was IO percent at xld = 0.5, which is

is smaller. The estimated
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for other measurementsof angular velocity, uncertainties in P

can be nearly 20 percent since
P

varies considerably throughout

the flowfield. For fluctuating particle velocities, uncertainties are

estimated to be less than 5 percent.

A.2.4. Particle Mass Flux Measurements

Particle mass flux was determined from the following equation"

(A.16)

App]ying equation (A.8) to equation (A.16) yields"

aG 2 d
G - + -- (A.]7)

L\%/
Substituting estimated uncertainties of probe diameter and mass

flowrate into equation (A.17) yields an uncertainty estimate of less

than 8 percent for particle mass-flux measurements.
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APPENDIXB

DESCRIPTIONOF [HE GENMIXALGORITHM

A general purpose computer code, GENMIX,described by Spalding

(89) for boundary-layer flows, was used to solve the governing

equations. This code is very convenient for the calculation of free

jets since it utilizes a dimensionless stream function formulation

that automatica]ly expands the cross-stream grid width as the

calculation proceeds downstream. The dimensionless stream condition

is defined as folTows:

where _I and 9E

and external boundaries of the flow.

The stream function is defind as"

aX = -

and

(B.1)

are the values of the stream function at the inner

(B.2)

+ r_u (B. 3)
ar =

The use of the stream function automatically satisfies the

conservation of mass equation. At the inner and external boundaries

the stream function can be expressed as"

891 _ ,,
8x - rI_I (8.4)
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aWE " (B.5)
ax = - rEnE

_I" ""where and mE are the mass transfer rates across the inner

and external boundaries.

Using these transformations, equation (3.2) can be transformed to

the following general form:

5, = a ( _ , A4) (B.6)

where _ represents _, 7, k and c. The other terms in equation

(B.6) are defined in tab]e B.I. For _ = r_, equation (B.I) can be

rearranged to eliminate the source term and can be written as follows"

a(r_) a(r_) a A3r2(a_ _
8x + (A1 + A2u) au - 8u \au/ (B.7)

where A1, A2 and A3 are also defined in table B.I. This set

of equations was integrated from an upstream initial condition to a

value of x equal to 30 diameters, for values of _ ranging from

zero to one.

The present calculations were performed using 33 cross-stream

nodes. The cross stream grid spacing included the entire flow width.

The forward marching step was limited so that the quantity of fluid

entrainment during the mixing step is a certain fraction of the total

fluid in the flow to that position in the flow.

_E - _I)
X = II II

rlm I - rE_ E

(B.8)
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Table B.]. - Definition of Terms in the

Generalized GENMIX Program

°

A 1 _ rim I I('I'E -_i )

° ii * ii

A2 -- (rEmE - rImI )I(_'E - _I )

2 -_ 2

A 3 -- r pul_tl (_E - 91 ) o

#_ A
4

U
-~ _x
pu

T 0

-- ElPt + -- - C ppu k Or Or c2
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In the present calculations, the forwaFd step size was limited so that:

the ratio of entrainment to tile total f]uid in the Flow was O.Ot_ loF

the nonswiriing flows and 0.02 for the swirling Flows. The Fatio w_s

set as low as 0.005 without significant difference i_ the results.

Forward step size was also constrained to be less than 5 percent of

the current flow width for the nonswirling flows and 2 percent for the

f]ows with sw]rl.
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C.I

APPENDIXC

SUMMARYOF DATA

S_i_ngle-Phase Jets

C.l.l Single-Phase Jet, S = 0

Table C.I - Single-Phas_ Jet at
x/d = 0.5, S = 0

r
X

U

C

0 1.0
• 121 .997
.279 .972
.321 .962
.479 .917
.521 .905
.679 .848
.721 .827
.879 .721
.923 .663

1.017 .464
1.079 .256
I. 120 .193
I. 175 .106
I. 180 .099

au c = 14.86 mls.

-2 I12
l_2J__

U

C

0.053
.045
.056
.058
.069
.074
.077
.078
.I16
• 127
.159
.141
.115
.086
.085

U

C

0.039
.039
•049
•040
.043
.045
.048
•052
.067
.080
.100
.118
.113
.I03
.101

k I
u 2 xlO

C

0.029
.026
•040
.033
.042
.048
.052
.058
•112
• 144
.227
.239
.193
.144
.137

2
2 xlO

U

C

0.008
.022
.039
.084
.097
.I20
.160
.170
.337
.480
.874

1.027
.700
.468
.478

Table C.2 - Single-Phase Jet at xld = 15, S = 0a

X

U U
C C

0 1.0 0.209
.02 .964 .212
.04 .843 .214
.06 .684 .212
.08 .529 .197
.10 .374 .164
.12 .257 .142
.14 .172 .112
.16 .106 .086
.18 .061 .059

-,2 1/2v£_2__1___
U

C

O. 165
.166
.165
• 162
• 169
. 148
• 130
.120
• 108
.093

2 1/2
_w'_L__

U

k
2 xlO

U

0.165
.169
.177
.177
.182
.159
.134
.137
.093
.067

0.489
.504
.521
.513
.501
.370
.276
.229
• 138
.083

1 _ 2
u 2 xlO

C

0.021
.523

1.068
1.283
1.310

.971
.676
.515
.338
.238

au c = 6.77 mls.
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Table C.3 - Single-Phase Jet at x/d = 30, S = 0a

I

U

! c

io _.o
.02 •964
.04 .863
• 06 .741
.08 .582
.10 .43g
.12 •314
.14 .222
• 16 .120

U

C

0.244
.254
.247
.241
•231
•204
.179
.141
.107

-2 112
L_L_)___

U

C

0 210
232
217
228
223
206
188
168
146

,2 I12

U

£

0 210
224
224
221
243
206
168
147
122

k 1
-'- 2 ×10

u

[;

O. 7_,/
.841
• lgO
• 795
.813
• 633
.478
.348
.239

v/v' 2

12

0 012
931

I 004
1 380
1 b95
I 520
1 340

.941

.448

au c : 3.03 m/s,

C.I.2 Single-Phase Jet, S = 0.19

Table C•4 - Single-Phase Jet at

_.5__ c;,2> lzz
X - -

U U

C C

'0 1.0 0.'082'
• I .991 .088
• 2 .983 .087
.3 .976 ,087
.4 .965 .087
.5 .951 .087
.6 •937 .088
.7 .911 .096
.8 .878 .119
.9 •811 .158

1.0 .672 .207
1.1 .476 .221
1.2 .234 .167
1.3 .I09 .I02

 EY!
U

C

O. 149
• 146
.153
• 148
•139
.137
.114
• 109
.107
.117
.139
•171
• 154
.125

U

C

0.149
.143
•124
.109
.092
.088
.091
.097
.100
.I08
.135
.148
.136
.092

au c : 12.94 m/s, wm : 3. 158 m/s.

x/d = 0•5, S = 0.19 a

_w_ _ 2 xlOl
w U

m C

0.046 0.257
.237 .247
.SO0 .232
.632 .208
.742 .176
.814 .171
.856 .145
.907 .152
.948 .178

1.0 .253
.876 .401
.638 ,499
.393 .351
,136 .172

_dy_L
- 2 x102
U

C

0.018
.029
.056
.087
.121
.139
.177
.335
.500
.875

1.430
1,850
1.230

.500
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Table C.5 - Single-Phase Jet at xtd = 2, S = 0.]9 a

- - 2 112
_L Lu£_I__

X -

U U

C C

0 l.O 0.126
•033 •989 •138
•067 .968 .156

• 100 .935 .171
.134 .897 .187
• 184 .815 .211
•234 .729 .219
• 284 .595 .223

• 334 .457 .207
• 384 .319 •186
• 434 .215 .157
•485 .131 .118
•535 .089 .091

- 2 I/2
vL__J._

U

C

0.155
.157
•172
•183
•169
.170
•167
•177
•194
.187
.174

.163

.138

2 1/2

U

C

0.155
• 155
• 153
• 149
• 155
.173
.179
.179
.176
.161
•147

.115

.077

_ I

au c = 11.729 m/s, wm = 1.920 mls.

_w_ k
- --_-2 ×10
w u

qn C

0.002 O. Z_19
.416 .337
• 15(7 . _87

I • O0 .423
. 9')0 1 4 ] 8

.938 .51b

.816 .541

.720 .565

.707 .557

.623 .477
•539 .382

.272 .268
•II0 .166

1 _ 02-2 ×1
U

C

O. 0_4
• 173
.555
•/85
•7%

I._lO
1.680
1.780
1.980
1.660
1. 290

.910

.680

Table C.6 - Single-Phase Jet at xld = 5, S = 0.19 a

E _L
X

U

C

0 1.0 0.251
• 027 .974 .254
•053 .940 .263
• 080 .883 .270
.107 .819 .276
•134 .717 .273
•160 .626 .271
• 187 .531 .253
• 214 .428 .235
.241 .336 .217
• 257 .259 .I92
• 294 .189 .168
.321 .138 .148

-2 1/2
(u' )

U

C

U

C

0.219
.220
.221
.225
.225

.235

.223

.235

.227

.209

.203

.210

.200

2 I12
(w')

U

C

0.219
.220
.220
.226
.236
.222
.221
.217
.210
.184
.197
.174
.158

I

au c = 7.881 m/s, wm = 0.866 mls.

w__ k ,_ I
-- -- 2 XIU
W U

m £

0.045 0.793
.078 .807
.156 .832
.204 .872
.205 •913
.368 .894
.660 .860
.563 .830
.810 .754

1.0 .622
.761 .585
.562 .514
.537 .434

LLLY_
2 x102

U

C

0.160
.375

1.02
1.76
1.85
2.70
2.08
2.10
1.96
1.77
1.55
1.77
1.48
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Table

_r
K

U

C

0 ' 1.0

.027 .982

.053 .926

.080 .818

.I07 .716

•134 .609
.160 .489
.187 .382
.214 .289
.241 .210
.267 .155

C.7 - Single-Phase Jet at xld =

--_ 1/2
iL_._1__

U

C

0.263
.276
.284
•274
.268
.261
.240
.211
• 183
.161
.138

U

C

0 240
249
243
248
237

221
.212
.199
•184
.155
.149

2 1/2
Lw_' 1....

U

C

0.240
.242

241
252
247
221
218
191
170
160
120

au c : 4.751 m/s, wm : 0.422 m/s.

w

w

m

O. 090
.092
.249
.552
.514
• 730
.735

1.00
.849
.415
.121

10, S = 0.19 a

k 1 ' '
_:_ Z ×iO V v
U LI •

C C

O. 921
q84
990

I 011
947
831
752

.604
.482
.377
.279

9
L

×I0

O. 1o0
.81

I 12
a8
73

221
I 94
I 50
I ?,2
I O3

07

Table C.8 - Single-Phase Jet at xld = 20, S = 0.19 a

r

U

C

0 1.0
.02 .969
.04 .926
.06 .841
.08 .761
.10 .664
.12 .540
• 14 .449
• 16 .435
.18 .311
.20 .197

I12
(u' }

U

C

0,274
.279
.277
.270
.269
.278
.244
.2t2
,200
.191
.158

U

C

0.219
.226
.220
.213
.229
.218
• 199
.211
.175
.178
.155

(w,21 I/2

U

C

0.219
.Z22
.227
.232
.229
.215
,193
.213
,182

• 155

k 1
- 2 x10
U

C

O. 866
.890
•883
.860
.887
.853
.681
.672
.518
.459

_LLY_L 2
- 2 xlO
U

C

0.52
1.00
1.51
2.24
2.05
2.14
1.74
1.34
1.62
1.25

• 99

au c : 2.72 m/s.
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C.I.3 Single-Phase Jet, S = 0.33

Table C.9 - Single-Phase Jet at xld = 0.5, S = 0.33 a

m

- _-2 112 ? I12 2 I12

_r __L . _V' ) (v') {w' } w I,
x ..... xlO

U |J LI IJ W II '

{_ (] {: I_ III (

o 1.o - .......o7 -i...... .... -oo 
.067 1.0

.133 .983

.201 .971

.267 .953

.334 .933

.401 .923

.501 .907

.601 .gO0

.701 .879

.801 .834

.901 .713

1.00 .564

1.069 .429

1.136 .300

1.20 .191

1.27 .I14

1.338 .065

147

137

124

116

I09
102

103

• I01

.I17

. 147

.201

.218

.209

.185

.154

.121

.083

279

240

222

196

158

15l

136

120

107

I14

132

153

165
174

169

162

.I17

.253

.216

.I18

. 144

• 126

. 12:'

.II0

.I05

.097

114

152

169

172

170

161

137

120

.245
• 522

• 154

•008

• 974

1.00

•qq8

• '] 12

• ')2:{

.846

.bOO

.567

.457

.367

.312

.203

• 145

.816

.hll

. '180
• _05

• 26%

• 250

• 206
.118

.II _,

• 2 ';8

• 404

.497

.502

.468

.391

.299

.175

au c : 13.34 m/s, wm = 5.917 m/s.

Ii •

i

• ]0

0. 268

. _b2

• i95

• gill)

.054

.029

• 022

• {1,!,'l

• 129

• _8

•I)50

I. 283
1.771

1.930
1.761

1.310

.777

.148

C.I.3 Single-Phase Jet, S = 0.33

Table C.lO - Single-Phase Jet at xld = 5, S = 0.33 a

£ __u__
X

U

C

0 1.00
.040 .988

.080 .939

.120 .858

.160 .252

.20 .623

.24 .499

.28 .358

.32 .268

.36 .185

.40 .121

.44 .091

- 2 112
(u' }

U

C

0.274

.276

.289

.292

.290

•285

.265

.232

•205

.169

.128

.105

U

C

0.277

.259

.264

.272

.268

.266

.258

.247

.243

.207

.170

.138

2 112
_L_L ....

U

C

0.271
.264

.257

.274

.282

.272

.264

.244

.223

.207

• 168

.153

au c = 6.009 m/s, Wrn : 1.07 mls.

w_

w
111

0.280

.374

•550

. b:]6

.750

.931

1.00

.935

• 786

.520

.436

.117

k I

-2 xlO
U U

C C

I. 140 O. 30

1.067 .49

t .096 1.48

1.172 2. ::;9

t.175 2.15

I. 131 2.69

1.032 2.74

.870 2

• 752 2

.570 1

.368

.268

m'y' 2
- 2 xlO

.48

.32

.51

.746

.243
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Table C.II - Single-Phase Jet at

- -2 I12
r _ (u')

U U

C C

0 1.0 0.256
.033 .975 .260
.067 .908 .271
.I00 .786 .264
.134 .664 .260
.167 .549 .246
,200 .417 .226
.234 .322 .207
.267 .237 .184
.300 .178 .166
.334 .130 .148

Y 2 i/2
L_L_L__

U

C

0.265
.251

.24b

.212

.246

.251

.232

.232

.227

.215

xld = I0, S = 0.33 a

au c = 4.191 mls.

2 112

-= -_ K lO
U w U

C m C

0.265 0.074 1.028
•250 • _,I._ .qb5
• 283 • _h4 1.120
.315 ,h?2 I.1,15
•247 .HI2 1.Old
.254 ._)25 .926
.23l 1 •00 •849
• 219 .799 .723
.205 •626 .645
• 203 .373 .601

I u!_<L 2
u 2 ×lO

C

O. i_0_
• l[)h

I. 70
l .87
2.54
2.25
2.15
I.]6
•48

I.II

C.2 Particle-Laden Jets" LV Particle Velocities

C.2.l Particle-Laden Jet, S = 0

Table C.12 - LV Particle Velocities at

S = 0a

xld = 0.5,

(u,2) I/2
r _ ___

U U

pc pc

0 1.0 0.083
.201 .998 .081
.401 .982 .083
.602 .938 .089
•802 .875 .097
•936 .806 .115

1.003 .786 .113
1.070 .668 .161
1.136 .52g .245
1.203 .409 .301

(v,2) I/2

U

pc

0.037
.039
.037
.039
.036
.031
.025
.022
.040
.070

(w,2) I/2
_4__ _Q CL

u u G
pc pc m

0.037 0.005 l.O0
.031 .004 .914
.024 .003 .744
.026 .002 .615
.022 .001 ,403
.022 .008 .....

..... .013 .....
.024 .019 ,129
.037 .045 .....

..... .080 ,Oil

aupc = 13.83 m/s, Gm = 4.664 kg/m 2 s.
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Table C.13 - LV Particle Velocities at x/d = 5,

S : 0a

U

U

pc

1.0
.027 .990
.053 .937
.080 .823
.094 .152
•107 .670
.120 .593
•]34 .529
.147 .465
•160 .394
•174 .335
•187 .287

2 I/2
(u' )

U

pc

0.056
.062
.085
.111
.118
.121
.123
• 126
• 125
.129
• 127
.126

2 I12
(v' )

U

pc

0,024
.019
.025
.01_0
.028
.029
.030
.031
.032
.035
.034
.O35

(w' )
p

U

pc

0.024
.023
.027
.032
.036
.036
.036
.037
.038
.036
•036
•035

aupc : 14.005 m/s, Gm = 3,689 kg/m 2 s.

v

u G
pc m

0,005 1.00
.002 .94_
.001 .109
.007 .420
.013 .....
.017 .247
.022 .18q
.029 .129
.034 .....
.035 .054
.037 .....
.037 .025

Table C.14 - LV Particle Velocities at xld = 15,

S = 0a

u (u' 2)I/2
Z -J_ P
X

U U

pc pc

0 1.00 0.157
•018 .953 .162
•036 .828 .167
•053 .676 .174
.071 .515 .163
•089 .393 .148
• 107 .275 .124
• I16 .234 .115
• 125 .197 .102
• 134 .178 .095

(v' 2)I/2
P

U

pc

0.049
.052
.056
.063
.065
.065
.062
.061
.057
.055

2 1/2 -
(w' ) v
_______ __ CL

u u G
pc pc m

0.049 0.007 1.00
.055 .011 .712
.062 .026 .388
.069 .047 .182
.073 .052 .099
.070 .054 .052
,062 .053 .031
.059 .052 .....
.058 .051 .020
.055 .049 .....

aupc = 8.881 m/s, Gm : 1.774 kg/m 2 s.
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Table C.15 - LV Particle Velocities at

S = 0 a

_r
x

0
•018

•036

•053

•071

•089

• 107

•125

I

U

U

pc

1.0

.987

•921

.712

.629

• 493

•412

.299

2 112
(u' )

U

pc

0 216

213

215

215

199

18/

163

149

....2 112
(v' )

u

pc

O.I1R
.114

• 120

.121

• 125

• 120

.115

• 108

2 117
(w' )

P

U

pc

0•118

• I18

.121

•I_,4

.13 _)

. IL_

• 124

•II0

aupc = 4.102 m/s, Gm = 0.264 kglm 2 s.

xld = 30,

v

p G_

u G

pC ITI

0.005 1.00

• 0;>8 . lqb I

.ObO .,145 I

.OR3 .337 I

.098 .226 1

. I03 .13l I

• I06 .I04 I

. I01 ......

C.2.2 Particle-Laden Jet, S = 0.16

Table C.16 - LV Particle Velocities at

S = 0.16 a

xld = 0.5,

U

r .__
X

U

pc

0 1.0

.201 .986

• 401 .965

• 602 .940
.802 .922

1.003 .857

1.136 .712

1.270 .515

1. 404 .195

2 I12
(u' )

P

U

pc

O. 143

.134

.117

.112

.117

.190

.238

.326

• 294

2 112
(v' )

P

U

pc

0. 142

.132

.117

.097

.075

.055

.058

• 123

• 130

2 112
(w' )

U

pc

0. 134

.117

.085

.063

.049

.047

.046

.058

.061

v w

U w

pc pm

0 -0.044

.005 .705

.002 1.0

.004 .949

.042 .907

.102 .779

.148 .600

.167 .454

.046 .1t9

aupc = 10.393 m/s, Wpm = 1.627 m/s, Gm = 3.125 kglm 2 s.

CL
G

m

0. 148

•304

.520

.892

I .00

.720

.I12

•040
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Table C.17 - LV Particle Velocities at x/d = 2,

S : 0.16 a

U

x

U

pc

0 1.0
.067 •994
.134 .964
•201 .913
.267 .806
.334 .573.
.401 .398
.468 .275
.535 .202
.602 .120

2 112
(u' )
____.P___

U

pc

0.103
.098
.097
.129
.158
.209
.226
.219
.204
.163

2 I12
(v' )

U

pc

0.072
•066
.061
.056
.052
.050
.055
.065
.073
.071

2 112 -

(w' ) vp

U u

pc pc

0.070 0010
.057 .044
.043 .064
.040 .077
.034 .090
.035 .079
.032 .081
.031 .07]
.027 .058
.025 .033

aupc : 10.775 m/s, _pm = 1.075 m/s, Gm = 1.640 kg/m 2 s.

w

pitt

-O.03b
.610
.980

1.00
.874
.681
.421
.180
.181
.043

_L
G

in

0.205
.277
.498
.951

1.00
.566
.152
.037

Table C.18 - LV Particle Velocities at x/d = 5,

S : 0.16 a

U

£ _J2
X

U

pc

0 1.0 0.163
.053 .969 .182
.107 .819 .206
.134 .711 .219
.160 .612 .216
.187 .501 .217
.214 .357 .201
.241 .275 .176
.267 .199 .154
.294 .137 .127

(u' 211/2
P

U

pc

(v' 211/2

U

pc

0.067
.074
.069
.061
.060
.055
.053
.051
.049
.040

21112 - -(W i V W

P _ _J2 _P_

U U W

pc pc pm

0,057 0.031 -0.620
.065 .031 .340
.063 .052 .636
.058 .060 .824

.056 •069 1.0

.053 .069 .836

.042 .058 .848

.042 .048 .585

.035 •050 .342

.029 .039 .150

aupc = 9.239 m/s, Wpm : 0.494 m/s, Gm = 0.681 kg/m 2 s.

CL
G

m

0.294
.432
.937

1.00
.846
•698
.449
.307
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Table C.I9 - LV Particle Velocities at x/d = 10,

S = 0,16 a

- 2 i/2
u (u' )

C -_ P
X

U U

pc pc

0 1.0 0.227
.027 .960 ,236
,053 .879 .238
.080 .757 .242
.107 .604 .231
.134 ,465 .199
.160 .336 .188
.187 .224 .148

i .214 .153 .114

2 1/2
(v' )

U

pc

0.108
.107
.098
.097
.089
.081
.080
.067

.063

---2 I/2 -
(w' ) v
__p __ m

Upc Upc Gm

0.104 0.009 1.00
.112 .OZZ .951
.117 .024 ,931
.I07 .045 .815
.094 .060 .693
.085 .068 .522
.073 .066 .358
.062 .063 .2d4
,058 .057 .....

aupc = 6.447 m/s, Wpm : 0.318 m/s, Gm = 0.307 kglm 2 s.

Table C.20 - LV Particle Ve10cities at x/d = 20,

S = 0.16 a

(u, 2)i12
__ p

X -- --

U U

pc pc

0 1.0 0.241
.020 1.03 .243
.040 .950 .242
.060 .825 .249
.080 .118 .232
.100 .595 .219
.120 .499 .199
140 .415 .183
160 .330 .161

•180 .259 .132

2 I12
(v' )

p

U

pc

O. 136
•162
•168
.163
.130
•160
.122
.I13
•104
.095

(w' 2)1/2
P

U

pc

0.130
.128
.127
.124
.121
.116
,106
.101
.I08
.093

aupc = 3.693 m/s, Wpm : 0.106 m/s, Gm = 0.144 klm 2 s.

V

__ _k

u G
pc m

0.005 1.00

.027 .954

.058 .820

.067 .658

.089 .579
.098 .456
.I00 .368
.109 .294
.095 .210
.098 .171
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C.2.3 Particle-Laden Jet, S = 0.3

Table C.21 - LV Particle Velocities at

S : 0.3 a

xld = 0.5,

U

x

U

pc

0 1.0
.134 1.017
.267 1.004
.401 .993
.535 .988
.668 .982
.802 .973
.936 .926

1.069 .809
1.203 .700
1.337 .382
1.471 .063

2 I/2
(u' )

P

U

pc

O. 165
• 159
• 154
.142
.130
.123
.128
• 162
.230
.269
.370
.233

2 I12
(v' )
___P_ __

U

pc

0.113
• 109
.115
.112
.110
.109
.097
.080
.068
.075
.148
.134

2 1/2 -

(w' ) vp

Upc Upc

0.119 O.lOl
.130 .116
.137 .I13
.124 .I05
.099 .086
.082 .076
.087 .078
.065 .094
.064 .123
.072 .163
.092 .127
.066 .032

aupc : 10.26 m/s, Wpm : 2.258 m/s, Gm : 2.595 kg/m 2 s.

w

__P

Wpln

-0.242
.069
.441
.745
.934

1.00
.980
.902
.731
.614
.308
.054

G_

G
61

O. 105
• 136
.204
.320
.513
.835

I .00
.927
.750
.265

Table C.22 - LV Particle Velocities at xld = 2,

S = 0.3 a

(u' 2)1/2
£ -_ P
X -- --

U U

pc pc

0 1.0 0.107
• 067 1.005 .104
• 134 .979 .103
• 20 .934 .121
• 267 .828 .164
• 334 .620 .202
.401 .445 .200
.468 .337 .183
• 535 .229 .184
• 602 .130 .160
• 668 .070 .123

(v' 2)I/2
P

U

pc

0.060
.063
.060
.059
.061
.060
.059
.062
.074
.076
.062

2)I/2(W* V W

p -_ __p_

U U W

pc pc pm

0.062 0.022 0.049
.069 .043 .445
.054 .065 .922
.046 .075 1.00
.048 .095 .874
.052 .096 .648
.046 .092 .438
.035 .084 .297
.039 .068 .188
.031 .045 .103
.027 .026 .024

aupc : 11.133 m/s, Wpm : 1,613 m/s, Gm : 1.020 kg/m 2 s.

E_

G
m

0.091
.131
.415
• 734

I .00
.833
•468
.191
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Table C.23 - LV Particle Velocities at x/d = 5,

S = 0.3 a

U

X

U

pc

0 1.00 0,184
.040 .960 .200
.054 .....
.080 .868 .211
.107 ..........
.120 .781 .220
.160 .636 .219
• 201 .466 .201
• 214 ..........
.241 .333 .178
•267 .....
•281 .231 .139
.321 .167 .110
.361 .116 .090
.401 .079 .077

2 1/2
(U' )

P

U

pc

2 1/2
(v' )

U

pc

0.095
.086

.081

.076

.082

.065

.073

.067

.057

.054

.048

2 I12
(w' )

U

pc

O. 107
.110

.087

.079

.070

.062

.073

.035

.026

.020

aupc : 9.297 m/s, Wpm : 0.674 m/s, Gm : 0.436 kg/m 2 s.

Upc Wpm

-0.023 0.332
-.0_2 .752

-.008 .944

.021 1.00

.043 .950

.058 .856

.059 .547

.060 .273

.059 .163

.051 .070

.043 .....

f_

G
m

0.202

.252

.6go

I .00

.876

.507

.289

Table C.24 - LV Particle Velocities at xld = lO,

S = 0.3 a

U

X

U

pc

0 1.0
.027 .969
.053 .877
.080 .778
.I07 .655
.134 .528
.160 .416
.187 .330
.214 .260
.241 .198
.267 .148
.294 .I17

(u' 2)I12
P
U

pc

0.2]8
.283
.239
.238
.228
.215
.188
.167
.139
.115
.095
.079

(v' 2)I/2
P

U

pc

0.120
.113
.I04
.097
.096
.090
.088
.087
.081
.078
.070
.067

(w' 2)I/2
p

U

pc

0.114
.117
.120
.111
.110
.I05
.098
.087
.078
.066
.062
.051

V

p

U

pc

-0.038
-.021

.003

.022

.041

.053

.061

.070

.073

.074

.071

.070

aupc : 6.317 m/s, Wpm = 0.371 m/s, Gm = 0.218 kg/m 2 s.

w

__p__

W

pm

0.949
.854
.792
.830
.892

1.0
.774

.518

.650

.439

.423

.124

CL

G
m

0.922
.936
.954
.995

1.00
• 885
.601
.472
.312
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Table C.25 - LV Particle Velocities at xld = 20,

S = 0.3 a

- 2 I12
u (u' )

X -- --

U U

pc pc

0 1.0 0.235
•020 I•001 •232
•040 .940 •237
.060 .824 •223
.080 .745 .231
.100 .646 •230
.120 .542 •201
.140 •463 .183
.160 .378 .160
.180 .326 .143
.201 .280 .125
.221 .236 .112
.241 .214 .096

2 1/2
(v' )
__._P

U

pc

0.150
. 145
•145
.145
• 140
.1:34
. 127
•123
.119
• 109
.I01
• 096
.084

2 I/2
(w' )

U

pc

0.145
.148
•150
.145
.148
•144
•138
.126
.tl7
.I12
.100
.094

vp

U

p C

-0.030
.004
.014
.047
• 058
.077
.074
.075
.077
.085
.086
•087
.082

aupc = 3.867 m/s, Wpm : 0•075 m/s, Gm : 0.112 kg/m 2 s.

G
G

nl

I .00
.gOb
.914
•864
.1:_8
.611
• 504
•445
•:]44
.250

C.3 Particle-Laden Jets: Phase/Doppler Velocities

C.3.1 Particle-Laden Jet, Gas-Phase Velocities, S = 0

Table C.26 - PhasetDoppler
Velocities at x/d = 0.5,

S = 0a

- -'2 1/2
E _L_ (U )

U U

C C

0 1.01 0.041
.094 1.01 .050
.200 .982 .046
.294 .996 .042
.401 .931 .057
•495 .938 .054
.602 .866 .060
.695 .866 .065
.802 .778 .092
• 829 .814 .....
•896 .749 .096
.936 •618 .Ill
•963 .669 .112

1.03 .567 .103
1.07 .386 •105
1.09 .473 .087
1.13 .306 .090
1.16 .327 .091
1.20 .196 .067
1.27 .109 .049

au c : 13.75 m/s.
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Table C.27 Phase/Doppler

Gas-Phase Velocities at

xld = 5, S = 0a

I
i U
, C

0 _ 1.0

.027 ! •911

053 1 .891

• 080 1 •707

• I07 I •566
• 120 ' .488
.134 I •430

.147 I •328

.160 i •293
• 174 I .238

•187 I •219

--;7 117
[u_'I....

U

C

0.069

.075

.081

.128

.122

.If8

•I12

.I02

.098

.088

.082

au c = 12.80 m/s.

Table C.28 - Phase/Doppler

Gas-Phase Velocities at

xfd = 15, S = 0 a

r _._

U

C

l•O

• 018 .981

.036 •827

.054 .640

• 071 •453

.089 .367

.107 •260

• 125 .187

.143 .127

p

2 112
Lu2_)___

U

C

0.132

•137

• 143

.167

• 154
• 127

.105
.085

.063

au c : 7.50 mls.
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Table C•29 - Phase/Doppler
Gas-PhaseVelocities at

x/d = 30, S = 0a

r U__
X

U

C

0 1.0
.009 1.0

.018 •973

.027 •892

•036 •824
.045 •770

.054 .608

.063 .577

.071 .541
•080 .460
•089 .378
•098 .338
•]07 .324

2 I12
Iv' )

U

C

O• 197
.201
•218
.215
.214
•207
.181
•185

•184
•153
•142
.134
•119

au c = 3.7 m/s.

198



C.3.2 Particle-Laden Jet, Particle Velocities, S = 0

Table C.30 - Phase/Doppler Particle

Velocities at x/d = 0.5,

S = 0

0
.201
.401
.602
.802
.936

1.069
1.136

0
.201
.401
.602
802
936

1.069
1.136

0
.201
.401
.602
802

.936
1 06q
1 13o

0
.201
.401
.602
.802
.936

1.069
1.136

Average particle size

_m

14.3

23./

33.3

42.7

U

p
m/s

13.608
13.443
12.626
11.789
9.937
7.927
3.150
1.717

13.278
12.998
12.397
II.640
10.084

8.730
3.934
1.967

12.9o6

12.710
12.285
11.685
10.479
9.540
5.811
2.858

i2.596
12.482
12.217
11.740
10.784
9.986
7.423
3.837

--2 _/2
(u')

p

m/s

0.725
.747
.938
.921

1.365
1.678
1.600

.960

0.712
.807
.905

1.010
1.378
1.576
1.800

1.158

0.841
.888
.986

1.071
1.294
1.421
1.809
1.691

0.972
.983

1.055
1.078
1.184
1.306
1.569
2.110
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Table C.30 - Cont.

0
,201
.401
.602
.802
.936

1.069
1.136

0
.201
.401
.602
.802
.936

1.069
1.136

0
.201
.401
.602
.802
,936

1,069
1.136

Average particle size

pun

52.2

61.7

71.3

U

P
m/s

12,249
12.259
12.136
11.741
11.064
10.359

8.419
4.521

12.394
12.330
12.221
11.950
11.497
10.533

9.122
4.450

12.040
12.092
12.081
11.821
11.281
10.721

9.526
1.663

--_ I/2
(u')

p

m/s

1.078
1.039
1.062
1.044
1.117
1.230
1.434
1.897

0.989
1.050

.998

.942
1.112
1.374
1.290
1.721

1.160
1.083

.976
1.020
1.142
1.260
1.210

.076
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Table C.31 - Phase/Doppler Particle

Velocities at x/d = 5,

S= 0

0
.02Z
.053
.080
.107
• 134
• ]60
.187
.214

0
.027
.053
.080
.107

134
160

• 187
214

0
.027
.053
• 080
.107
• 134
.160
• 187
.214

0
.027
.053
.080
.107
.134
.160
• 187
.214

Average particle size

wm

14.3

23.7

33.3

42.7

U

p

mls

13.081
12.473
10.826
8.801
6.907
b.063
3.288
1.901

.997

12.293
12.433
10.975

9.090
7.263
5.468
3.574
2.143
1.166

12.872
12.457
11.215
9.529

7.705
5.973
4.135
2.665
1.529

12.823
12.513
11.457
9.926
8.178
6.537
4.761
3.213
1.921

..... I12
?

(u')
P

m/s

O. 750
• 984

1.571
1. 1:_1
I. 103
I .641
I. _51

.959

._04

0.740
.911

1.424
i.610
1.626
1.615
1.331

.984

.646

0.648
.801

1.270
1.455
1.561
1.564
1.389
1.114
.737

0.641
.151

1.126
1.334
1.451
1.470
1.314
1.135
.787
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Table C.31 - Cont.

0
.027
.053
•080
• 107
• 134
.160
.187
.214

0
.027
•053
.080
.107
.134
• 160
• t87
.214

0
.027
.053
.080
.107
• 134
• 160
• 187
.214

Average particle size

pm

52.2

61.7

71.3

U

P
m/s

12.687
12.470
11.668
10•393
8.661
7.046
5.370
3.728
2.218

12.660
12.460
11.849
10.608

9.061
7.696
6•099
4.286
2.613

12.613
12.419
12.016
10.855
9.296
8.112
6.738
4.904
2.637

.... 1/:_

(u ,2)
P
m/s

0.727
.144
.957

1.206
1.339
1.344
1.267
1.108
.819

0.743
.750
.881

1.392
1.246
1.216
1.199
1.145

.709

0.713
.755
.777

1.192
1.202
1.201
1.088
1.212

.749
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0
.018
.036
.053
.071
.089
,I07
.125
•143

0

.018

.036
,053
.071
,089
.]07
•125
•143

0
.018
•036
.053
,071
,089
•107
,125
• 143

0

,018
.036
.053
.071
.089
.I07
.125
.143

Table C.32 - PhaselDoppler Particle

Velocit)es at xld = 15,

S=O

Average partic]e size

pm

14.2

23.7

lJ

P
m/s

7.658
I. 150
6.016
5.003
3.511
2.395
1.524
1.122

.609

7.721
7.213
6.206
5.074
3.596
2.397

I/2

(u' )
P

m I

1 . 1,15
1. L_O
1. 358
1 .n69
1.Z42

•988
.b95
,000
•333

1.167
1,253
1.300
1,379
1.224
1.003

1.469
1.105
.600

33.3

42.7

7.950
7.445
6.401
5.356
3.913
2.729
1.786
I .343

•728

8.303

7,724
6.622
5.504
4.096
2.997
1.963
1.464

.825

.697
,613
.343

1.158
1.223
1.308
1.323
1.266
1.059

.754

._82

.387

1.159
1.223
1.228
1.324
1.237
1.064

.765

.704

.408
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Table C.32 - Cont.

0
.018
.036
.053
.071
.089
.I07
.125
.143

0
.018
.036
.053
.071
•089
.I07
•125
.143

0
.018
•036
.053
.071
.089
• 107
.125
.143

Average particle size

l_m

52.2

61.7

71.3

U

p
rn/s

8.852

8.144
6.923
5. 682
4.267

3.207
2. 133
1.655
.924

9. 265
8.473
7. 129
5. 960
4.471
3. 341
2. 269
1.819
.994

9.572
8. 781
7.494
6. 334
4. 720
3.514
2.310
I .926
1.112

.... I12
2

(u')
P

m/s

1.099
1.237
1.243
1.334
1.203
1.075
.758
.740
.423

1.116
1.217
1.333
1.281
1.222
!.071

.749

.741

.422

1.179
I. 286
I. 345
1.323
1.201
1.061

.698

.741

.394

204



Table C.33 - Phase/Doppler Particle

Velocities at ×/d = 30,

S= 0

r

Average particle size u
P

.m
m/s

0 14.3 3.556
,009 3.584
018 3.499
027 3.086

.036 _.905.045 710

.053 21471

.062 2,121

.071 1.652
,080 1,515
.089 1.349
.098 1.335
.107 1.081

0 23.7 3.602
.009 3.612
.018 3.5]6
.027 3.082
.036 2.974
.045 2.770
.053 2.464
.062 2.129
.071 1.596
.080 1.465
.089 1.334
.098 1.224
.I07 1.080

0 33.3 3.716
.009 3.729
.018 3.631
.027 3.262
.036 3.074
.045 2.873
.053 2.590
.062 2.262
.071 1.810
.080 1.619
.089 1.491
.098 1.360
.107 1.131

-- 1/2
2

(u')
p

m/s

0.866
.798
.829
.835
.730
.791
.729
.777
.b08
.579
.596
.552
.514

0.830

.837

.858
,823
.766
,799
.775
,761

.610

.613

.592

.556

.528

0.830
.815
.809
.790
.783
.808
.791
.768
.634
.643
.635
.586
.558
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Table C•33 - Cont.

0
•009
•018
•027
•036
•045
.053
.062
.071
•080
.089
.098
.107

0
.009
•018
.027
.036
.045
.053
.062
.071
.080
•089
•098

.107

0
.009
.018
•027
.036
.045
.053
.062
.071
•080
•089

.098

.107

0
.009
.018
.027
.036
.045

.053

.062

.071

.080

.089
•098
.107

Average particle size u
P

Hm m/s

42.7 3.7t5
3.786
3.628
3.344
3.200
2.873
2.756
2.355
1.941
I .728
I.585
I .426
I .225

52.2 3.843
3.842
3.700
3.457
3. 328
3.113
2.869
2.521
2.125
1.895
I .708
1.539
I.340

61.7 3. 966
3.923
3.824
3. 564
3.439
3.223
3.000
2.600
2.222
1.989
I.823
I.656
1.408

71.3 4.156
4. 156
4.020
3.752
3.570
3.402
3.127
2.713
2. 290

2.052
I.906
1.789
1.500

--- I12
2

(u')
P
m/s

O. 188
.786
.783
.772
•769

.808
•188
.791

.653

.656

.654

.615

.574

O. 772
.767
.764

.764

.768

.790

.771

.783
•650
•686
.670
•628
•605

0.793
.784
• 768
• 768
.720
.768
.745
.773
.655
.656
.678
.617
.604

O. 806
.786
.763
.742
.764
.775
.741
.755
.023
.662
.641
• 590
.595
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C.3.3 Partic]e-Laden Jet, Gas-Phase Velocities__S.= 0.._1.6-

Table C.34 - Phase/Doppler

Gas-Phase Velocit es at

x/d = 0.5, S = 0.16 a

r U_
X

U

C

0 1,0
• 080 1.0
• 174 .966
,281 .966
.374 1.03
,481 1.02
.575 I .02
.602 .992
• 775 .992
.882 .924
.909 .857
.976 .630

1.016 .546
l.043 .336
1.083 .311
1.11 .176
1.15 .160
1.18 .067
1.22 .067
1,24 .042

1.30 ,042

U

£

0.063
.061
•082
.079
.058
.069
.081
•102

.095
•120

•154
•166

.151

.131
.116
•084
• 084
.032
.034
.015

.019

au c : II.90 m/s.
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Table C.35 - Phase/Doppler
Gas-PhaseVelocities at

x/d = 2, S = 0.16a

£ u_
X

U

C

0 1.O
.067 .974
• 134 .974
.201 .814
•267 .580
.334 .303
.401 .069
.468 .030

au c = 11.55 m/s.

Z 112
Lu_L_L_

U
C

0.075
.083
•124
.171
•133
.]17
.039
.01Z

Tab]e C.36 - Phase/Doppler

Gas-Phase Velocities at

x/d = 5, S = 0.16 a

- 2 I/2
Z £L_ (u' )
X m _

U U
C C

0 1.0 0.154
• 054 .877 .157
• 107 .605 .185
• 134 .451 .150
•160 .328 .125
•187 .Z26 .098
.214 .123 .065
.241 .061 .032

au c = 9.75 m/s.
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Table C.37 - Phase/Doppler

Gas-Phase Velocities at

×Id = lO, S = 0.16 a

E tL
X

U

£

O 1.0 I
.027 I .928 I
.054 I .808 I
.080 I .640 I
.107 I ,432 I

• 134 .336
! . _60 .776

! o%!

L_

2 I/2
[u_' _)__

U
C

0.223
.226
.224
.202
• 163
• 140
• 098
.053

au c = 6.25 m/s.

Table C.38 - Phase/Doppler

Gas-Phase Velocities at

x/d = 20, S = 0.16 a

r u._
X

U

C

0 1.0
.020 .934
.040 .853
.060 .738
.080 .590
• 1O0 .459
• 120 .328
• t40 .197
• 160 .164

180 .098

au c = 3.05 m/s.

U

C

0.2li
.266
.262
.254
.231
.211
.171
.107
.089
• 048
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C.3.4 Particle-Laden Jet, Particle Velocities,

Table C.39 - Phase/Doppler Particle

Velocities at x/d = 0.5,

S = 0.16

0
.201
.401
,602

.802

.936
1.00
l.069
I. 136
1.203
l.270
I.337

0
.201

.401
•602
•802
•936

l.O
].069

l.176
1.203
I.270
1.337

0
.201
.401
.602
.802
.936

1.00
1.069

I. 136
1.203
1.270

l.337

Average particle size

Bm

14.3

23.7

33.3

U

p

m/s

II.193
10. 786
I0.555
I0.607
8.851
7.699
5.676
3.870
2.688
I.600
l.242
1.030

10.307
lO. 123
9. 844
9.837
8.576
7. 748
6.201
4.539
3. 190

!.918
l.324
I. 165

9. 694
9.525
9,390
9.475
8.587
8.306
7,275
5.850
4.556
2.712
1.774
1.553

I/2
2

(u')
p

m/s

1.131

I. 146
1.250
1.403
1.513
1.772
I.878

I.695
I.265

.843

.597
• 548

1.105
1.153
].221
].299
I.384
].699
I.867
I.703
]. 368

.931

.742

.735

1.227
I. 197
l.llO
I. 160
1.231
I. 488
l .592
1.655
1. 426
t .014

.840

.883

S = 0.16
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Table C.39 - Cont.

0
.201
.401
.602
•802
.936

1.0
1.069
I. 136
I •203
1.270
I .337

0
•201
.401
.602
•802
•936

I .00
1.069
I. 136
l .203
I .270
I .337

0
•201
.401
.602
.802
.936

1.00
1. 069
I. 136
I 203
1.270
I.337

0
.201
.401
•602
.802

.936
1.0
1.069
1. 136
l.203
1.270
I .337

Average particle size

Mm

42.7

52.2

61.7

71.3

U

p

III/S

9.228
9.085
9.04/
9. 158
8.624
8. 598
7.968
6.929
5.808
3.536
2.099
I.354

8.929
8.775
8.769
8.878
8.523
8.654
8.243
7.596
6.641
4.025
2.309
1.973

8.228
8. 338
8.171
8. 326
8. 094
8.532
8.347
7.803
6.927
4. 088
2.117
1.575

8.319
8.191
8. 185
8.286
8.056

8.312
8.279
7. 562
6.990
3.527
1.572
1.314

- 1/2
?

(u')
P

rill s

I , 2qq
1,221
! .072
I ,050
1,101
1.249
1 , 308
1.460
1.322
1.045
.957

I .OOl

I. 394
I .288
l .088
1.006
1.010
1.132
1.213
1.326
I. 181

.953

.954
1.015

1.411
1.468
1.114
1.023

.952
1.116
1.112
1. 182
1.019
.942
• 882
.714

1.535
1.300
I .054

.975

.881
1.013
1.109
1 .295
1.096

.796

.882

.078
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Table C.40 - Phase/Doppler Particle

Velocities at x/d = 2,

S = 0.16

0
.067
.134
.201
.267
.334
•368
.401

0
. O67
.134
.201
.267
.334
.368
.401

0
.067
• 134
.201
.267
.334
.368
.401

0
.067
.134
.201
.267

334
•368
.401

Average particle size

14.3

23.7

33.3

U

P

m/s

10.980
11. 080
10.307

8. 900
6.652
3. 668
1.441
.867

10.650

10.673
9.918

8.814
6.957

3.957
1.535
.791

10.272
10.281

9.794
9.151
7.448
4.634

-- I12

(u ,2)
P

m/s

0.907
.955

1.321
1.626
1.523
1.497

.756

.483

0.878

.931
1.145
1.455
1.441

1.489
.828
.454

0.890
.915
.895

1.170
1. 378
1. 528

42.7

1.917
,933

9.755
9.858
9,662
9.181
8.056
6.043
2.807
1.662

.941
•588

.114

.980

.910

.985

.20

.344

.927
• 762
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0.067

• 134
.201
.267
.334
.368
.401

0
.067
.134
.201
•267
.334
.368
.401

0
•067
.134
.201
.267
.334
.368
.401

Table C.40 - Cont.

Average particle size

l_m

52.2

6].7

71.3

-- 112

u (u '2)
P P

m/s m/s

1.114'

1 •023
.921
.939

1.116
I .245

.857

.801

1.322
I.238

.951

.910
1 •020
1.127

.785

.678

1. 347
I ,163

• 996
.844
•976

1.105
.801
.715

9.755
9.811
9.533
9. 128
8. 180

6.441
3.318

2.041

9.725
9.732
9.175
8.803
8. I06
6.936
3. 883
2.719

9.472
9.610
9.181
8.780
8. 138
6.949
4.013
2.819

213



Table C.41 - Phase/Doppler Particle

Velocities at x/d = 5,

S = 0.16

0
.053
• 107
.134
• 160

187
.214
.241
.267

0
.053
.107
• 134
.160
.187
.214
.241
.267

0
.053
.107
.134
.160
• 187
.214
.241
.267

0
.053
.107
.134
• 160
.187
.214
.241
.267

Average particle size

l_m

14.3

23.7

33.3

42.7

U

P
m/s

9.936
8.83/
6. 788
5.252
3.981
2. 582
1.843
1.070

.813

9:700
8. 682
6. 785
5.280
4.070
2.673
2.002
I .084

.790

9.531
8.632
6. 904
5.510
4.377
3. 038
2.308
1. 798

.999

9. 592
8. 693
7. 178
5.818
4. 692
3.330
2. 585
1.573
1. 159

-- I/2
2

(u')
p
m/s

1. 164
1 . 540
1.63g
1.491
1.471
1.076

.882

.077

.544

1. 143
1.423
1. 580
1.493
1.437
I .094
1. 120

.644

.510

1.105
1. 368
1. 566
I. 478
1.473
1. 141
1.071

.728

.592

1. 088
1.33q
1.539
1. 500
1.474
1.171
1. 104

.923

.657
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Table C.41 - Cont.

0
.053
• 107

134
160
187

.214

.241

.267

0
.053

107
.134
• 160
.187
.214
.241
.267

0
.053
.107
• 134
.160
.187
.214
.241
.267

Average particle size

_m

52.2

61.7

71.3

-- 112

u (u'2)
P P

m/s m/s

9.823 1.192

9.125 1.278
7.583 1.401
6.281 I.478
5.238 1.523
3.768 1.219
2.961 1.166
1.826 .769
1.400 .690

9.974 1.274
8.887 1.365
7.964 1.218
6.815 1.320
5.957 1.412
4.331 1.176
3.603 1.174
2.184 .747
1.792 .697

10.668 1.236
9.047 1.460
7.979 1.257
7.101 1.286
6.371 1.356
4.771 1.109
4.168 1.162
2.539 .662
2.223 .656
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Table C.42 - Phase/Doppler Particle

Velocities at x/d = lO,

S = 0•16

0
.027
.053
•080
.107
• 130
• 160
• tB7
.214

0
.027
.053
.080
.107
• 134
• 160
.187
.214

0
.027
.053
• 080
.107
• 134
.160

187
214

0
027
053

•080
107
134
160
187

.214

Average particle size

iJm

14.3
6. 665
5. 882
4.69l
3.090
2.370
l .441
I. 127
.647

-- I/2

- 2
u (.' )

P P

rots m/s

7. 161 1.377
1. 362
1.456
I .430
_. 167
1.099

.685

.624
.342

23.7

33.3

42.7

6,992
6,770
5. 880
4. 680
3,017
2,314
1.368
1.026
.565

6.959
6.845
5.899
4.8O8
3.318
2. 566
1.601
l. 184

.619

6.773
6. 742
5. 874
4. 786
3.476
2.670
I. 728
] .293

•687

I.344
I.330
I.451
I .412
]. 154
I.005
•696
.599
,326

1.321
1.321
1.411
I. 396
]. 147
I.060
,739
•658
.352

1. 348
1.361
1. 426
1.370
1.167
1.083

• 766
.701
.371
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0
.027
.053
.080
•107
.134
.160

.187

.214

0

.027
•053
.080
.I07

•134
•160
.187
.214

0
.027
.053

.080

.107
•134
.160
.187
.214

Table C.42 - Cont.

Average particle size

_xn

52.2

61.7

71.3

U

P

m/s

6.614
6.643
5.796
4.817
3.612
2.812
1.877
1.435

.779

6.576

6.682
5.882

4.899
3.748
2.929
1.982
1.532

.857

7.060
6.768
6.100
5.093
3.963
3.164
2.133
1.701
.963

-- 1/2

(u ,2)
P

m/s

1.441
1.391
1.415
1.365
1.183
1.076

.776
.723
.398

1.625
1.522
1.460
1.459
1.192
1.095

.769

.749

.403

1.810
1.586
1.492
1.432
1.241
1.152

.729

.735

.392

217



Table C.43 - Phase/Doppler Particle

Velocities at ×/d = 20,

S = 0.16

0
.020
.040
.060
.080
• 100
.120
.140
.160
• 180

0
.020
.040
• 060
• 080
• 100
.120
• 140
.160
• 180

0
.020
•040
•060
•080
.lO0
.120
•140
•160
.180

0
.020
.04O
.060
.080
. lO0
.120
.140
.160
• 180

Average particle size

pm

14.3

23.7

33.3

42.7

I12
2

u (u' )
p p

m/s mls

3.559 0.845
3.424 .193
3.170 .806
2.800 .832
2.483 .184
1.856 .(_18
1.548 .531
1.274 .565

• 990 .428
.727 .340

3.621 0.846
3.454 .826
3.170 .825
2.817 .844
2.477 .800
1.815 .617
1.470 .619
1.242 .565

.944 .425

.675 .322

3.781 0.826
3.575 .822
3.318 .845
2.939 .852
2.595 .820
1.969 .637
1.604 .631
1.375 .601
1.039 .449
.731 .332

3.900 0.814
3.649 .825
3.413 .837
3.007 .853
2.625 .834
2.057 .648
].677 .660
1.428 .621
1.057 .443

.757 .340
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0
.02
.04
.06
.08
.I0
.12
.14
.16
.18

0
.02
.04
.06

.08

.I0

.12

.14

.16

.18

0.02

.04
06
.08
.I0
.12
.14

.16

.18

Table C.43 - Cont.

Average particle size

_Lm

52.2

61.7

71.3

U

P
m/s

3.931

3. 688
3.448
3.026
2. 678
2. 150
I.781
I.477
I. 108
.829

3.990
3.724
3.473
3.110
2.703
2.181
1.804
1.535
1.161
.854

3.980
3.751
3.519
3.116
2.801
2.214
1.906
1.618
1.242
.924

-- 1/2
2

(u')
P

m/s

O. 829
.845

.819

.840

.816

.663

.6/9

.645
•466
.359

0.826
.821
.825

.849

.814

.666

.665

.640

.460

.348

0.847
.841
.820
.829
.827
.650
.657
.630
.451
.348
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C.3.5 Particle-Laden Jet, Gas-Phase Velocities, S = 0.3

Table C.44 - Phase/Doppler

Gas-Phase Velocities at

x/d = 0.5, S : 0.3 a

E _ (u '2)1/2
X 1

U U

C C

0 I .0 0.074
.201 .996 .081
.401 1.017 .075
.602 .992 .084
.802 .975 .097
•936 .778 .168

1.00 .611 .205
1.069 .310 .111
1.136 .209 .093
1.20 .142 .077

au c : 11.95 m/s.

Table C.45 - PhaselDoppler

Gas-Phase Veloclt|es at

x/d = 2, S = 0.3 a

r U_ (u'2) I/2

U U
C C

0 I.0 O. 096
• 067 1.04 .079
.134 1.00 .119
• 201 .888 .181
• 267 .638 .177
.334 .326 ,131
• 368 .170 .075
• 401 .112 .062

au c = II,20 m/s.
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Table C.46 - Phase/Doppler
Gas-PhaseVelocities at

x/d = 5, S = 0.3 a

U U

C C

1.0 O. 168
•054 .909 .209
• 107 .733 .196
• 160 .476 .162
• 187 .230 .125
• 214 .214 .097
•241 .128 .083
•267 .080 .045

au c : 9,35 m/s.

Table C.47 - Phase/Doppler

Gas-Phase Velocities at

x/d = I0, S : 0.3 a

£ __ (u,2) 1/2

U U

C C

1.0 0.227
.027 .957 .238
.054 .870 .220
.080 .722 .226

• 107 .539 .191
•134 .409 .170
•160 .209 .I15
• 187 .148 .085
•214 .I04 .063

au c : 5.75 m/s.
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Table C.48 - Phase/Doppler

Gas-Phase Velocities at

x/d = 20, S = 0.3 a

B

- 2 I12
c L Lv_L_I__

U U

C C

1.0 0.278
.020 1.0 .252
.040 .833 .258
.060 .767 .235
.080 .633 .242
.I00 ,483 .212
.120 .383 .182
• 140 .317 .160
.160 .200 .113
• 180 .183 .100

m

au c = 3.0 m/s.
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C.3.6 Particle-Laden Jet, Particle Velocities, S = 0.3

Table C.49 - Phase/Doppler Particle

Velocities at xld = 0.5.

S=0.3

xZ Average

0
.201
.401
.602

.802

.936
1.0
1.069
I. 136
1.203
1.270

1.337

0
.201

.401

.602

.802

.936
1.0
1.069
I.136
1.203
I .270
I .337

0

.201

.401

.602

.802

.936
1.0
1.069
I. 136

1.203
I.270
I.337

particle size

_m

14.3

23.7

33.3

U

P
mls

11.527
1l.605
11.301
10.211

9.603
8.492
6.944
4.602
3.860
3.045
2.725
1.924

10.584
10.634

10.206
9.271
8.861
8. 146
7.036
5. 205
4. 380
3. 630
2.894
2.357

i,,=

9.520

9.670
9. 449

8.842
8.540
7.871
7. 240
5.929
5. 339
4.704
3.925
3.101

-- 1/2
2

(u')
P
m/s

1.084
1.111
1.243
1.432
1.427

1.835
1,981
1.765
1.715
1.607
1.350
1.013

1.130
1.158

1.260
1.301
1.295
1.566
1.836
1.817
1.614
1.429
1.289
1.143

1.329
1.317
1.241
1.157
1.172
1.441
1.617
1.666
1.605
1.512
1.492
1.427
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0
.201
.401
.602
.802
.936

1.0
I.069
I. 136
I.203
1.270
1.337

0
.201
.401
.602
.802
.936

1.00
1.069
1.136
1.203
1.270
1.337

0
.201
.401
.602
.802
.936

1.00
1.069
1.136
1.203
1.270
1.337

0
.201
.401
.602
.802
.936

1.00
1.069
1.136
1.203
1.270
1.337

Table C.49 - Cont.

Average particle size

_m

42.7

52.2

61.7

71.3

U

p

m/s

8.825
8.930
8.849
8.512
8.292
7.868
7.390
6.473

6.173
5.721
5.150
4.081

8.265
8.406
8.394
8.221
8.149
7.854
7.462
6.917
6.737
6.436
6.035
5.286

7.703
7.802
7.783
7.877
7.968
7.776
7.507
7.057
6.968
6.724
6.521
5.942

7.648
7.714
7.784
7.692
7.769
7.481
7.181
6.900
6.892
6.676
6.550
6.057

--- I12
2

(u')
P

m/s

1.421
1.338
1.175
1.071
1.004
1.258
1.435
1.544
1.485
1.405
1.463
1.583

1.406
1.309
1.086

.993

.984
1.075
1.207
1.318
1.303
1.233
1.225
1.394

1.306
1.238
1.096

.948

.942

.947
1.061
1.177
1.134
1.370
1.035
1.137

1.329
1.253
1.043

.880

.900

.898
1.028
1.119
1.140
1.117

.995
1.135
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Table C.50 - Phase/Doppler Particle

Velocities at x/d = 2,

S=0.3

Average particle size

wm

0 14.3
.067
.134
.201
.267

.334

.368

.401

0 23.7
.067
.134
.201
.267
.334
.368
.401

O 33.3
.067
.134
.201
.267
.334
368
401

0 42.7
.067
.134
.201
.267
.374
.368
.401

U

P

m/s

10.986
1I.226
10.758
9.473

7.099
4.282

3.001
1.933

10.481
10.696
I0.295
9. 048
6. 948
4.228
2. 883
I.986

9.902
10.161
9.991
9.329
7.620
4.903
3.474
2. 183

9.458
9.724
9.852
9. 366
8.177
5.977
4.414
3.193

-- I12
2

(u')
P

m/s

,0;2
I .006

.373
I .883
1. 941
1.739
1.396
1.031

O.996
.957

I.241
1.717
I .887
1.728
1.370
I.064

0.969
.910

1.020
1. 348
1.818
1.892
1.497
1.118

0.975
.899
.890

1.067
1. 486
1 .850
1. 584
1. 340
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Table C.50 - Cont.

0
.067
.134
.201
.267
.334
.368
.401

0
.067
.134
.201
.267
.334
.368
.401

0
.067
.134
.201
.267
.334
• 368
.401

Average particle size

_m

52.2

61.7

71.3

U

P
m/s

9. 147
9. 396
9.463
9.211
8.454
6. 947
5.358
4.300

8. 947
9.163
9.091
8.824
8. 380
7.434
5.974
5.062

8.743
8. 969
8. 984
8.801
8. 362
7.424
6. 149
5.325

--- 1t2
2

(u')
p
m/s

I .007
.911
.844
.906

1.197
1.521
1. 430
1.281

1. 188
1. 080

.845

.888

.966
1. 158
1. 152
1. 038

0.997
.987
.773
.781
.g48

1.071
1.100
1.049

226



Table C.51 - Phase/Doppler Partic

Velocities at x/d = 5,

S=0.3

0
.053
.107

160
187

•214
• 241
•267

0
.053
.107
.160
• 187
.214
.241
.267

0
•053
• 107
• 160
• 187
•214
.241
•267

0
.053
.107
• 160
•187
.214
.241
.267

Average particle size

_m

14.3

23.7

33.3

42.7

U

P

m/s

9.441
9. 169
7. 689
4. 443
3•115
2.407
1. 383
1.150

9.032
8.723
6.983
4.131
2.865
2.151
1.200

.955

8. 696
8.273
6.705
4.410
3. 144
2. 484
1.502
1.201

8.543

8.091
6. 809

4.673
3.477
2.721
I.683
I.435

-- 112

(u ,2 )
P

m/s

1•374
1 •684
2. 044
1.751
1.251
1. 088

.721
• 738

I.458
I.722
2.034
1.621
I.252

I.058
•690
•658

1•520
1•746
1.960
1•661
1•253
1•124

.769

.724

1.616
1.807
2.026
1.708
I•335
1.213
.800
.796
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Table C.5I - Cont.

0
.053
.107
.160
.187
.214
.241
.267

0
.053
.107
.160
.187
.214
.241
.267

0
.053
.I07
.160
.187
.214
.241

.267

Average particle

_m

52.2

61.7

71.3

size U

P

m/s

8.665
8.270
7.203
5.281
3.867
3.109
I. 943
1. 658

9.064
8.958
7. 946
6.122

4.563
3.772
2. 287
2.056

9. 129

8.987
8.224
6.615
5.015

4. 358
2. 550

2. 388

1/2
2

(u')
p

m/s

1.516
1.897
2.021
1.841
1. 389
1.305

.828

.825

1. 382
1.4gl
1.797
1.713
1. 368
1.317

.796

.78g

1.424
1. 389
1.562
I. 582
1. 249
1.322

.715

.677
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Table

0
.027
•053
• 080
• 107
• 134
• 160
.187
.214

0
.027
.053
.080
.107
.134
.160
.187
.214

0
.027
•053
.080
•107
• 134
.160
.187
.214

0
.027
.053
.080
.107
• 134
• 160
.187
.214

C.52 - Phase/Doppler Particle

Velocities at x/d : 10,

S:0.3

Average particle size

_m

14.3

23.7

33.3

42.7

U

P
m/s

6.359
6.294
5.677
4. 687
3. 962
2.771
2•055
1.50

.931

6. 296
6.176
5. 680
4.704
3. 465
2.592
1.781
1. 164

.758

6. 127
6. 135
5.602
4.709
3.652
2.808
1. 940
1. 332

.836

6. 040
5.931
5.393
4.613
3.701
2 .g57
2.071
1.439

.916

-- l/Z
2

(u')
P

m/s

1•327
1.375
1•459
I. 482
1.311
I .og3

.852

.721

.491

1•321
t.366
1.435
t.469
1.257
1.117

•852
• 687
.459

1.293
1.363
1.374
1.440
1.277
1.155

.892

.714

.498

1.245
1.280
1.388
1.395
1.265
1.171

.918
.757
.539
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Table C.52 - Cont.

0
.027
.053
•080
•107
•134
160

•187
.214

0

.027

.053

.080

.107

.134

.160

•187
.214

0

•027
.053

.080

.I07

.134
•160

.187
•214

Average particle size

52,2

61.7

71.3

q

U

p
m/s

,,

5.813
5.704
5. 158
4.448
3•729
2.992
2•191
I .621
1.015

5.665
5•525
5•043
4.271
3•681
2.989
2.282
1.673
1.083

5.940

5.424
5.101
4.490
3•650
3•136
2•303
1.846
1.220

-- 112

(u ,2)
P

m/s

1.247
1.303
1.365
1.377
1.251
I•164
.926
.779
.577

1.35'9

1.365
1.422
1.370
1.287
1.175

.929

.781

.575

1.362

1.366
1.568

1.458
1.283
1.192
.942

.765

.586
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Table C.53 - Phase/Doppler Particle

Velocities at x/d = 20,

S=0.3

o
.o20
•o4o
. O6O
.080
• I0O
.12o
• 140
• 16o
• 180

0
.020
.040
.060
.080
.100
.120
.140
.160
• 180

0
.020
.040
.060
.080
.100
.120
. 140
.160
• 180

0
.020
.040
.060
.080
.I00
.120
. 140
.160
• 180

Average particle size

gm

14.3
3.275
2.953
2.673
2.367
I. 982
1.547
1.300

•988
.798

112
- 2
u (u')
P P

mls mls

3.302 0.736
.728
• 780
• 820
.783
•664
.590
.569
•468
.378

23.7

33.3

42.7

3.346
3.246

2.949
2.874
2.305
1.902
1.433
1.233
.87O
.646

3.474
3.427
3.141
2.866
2.445
2.063
1.629
1.365

.968

.708

3.515
3.484
3.187
2.916
2.494
2.143
1.72t
1.377
1.00

.769

0.765
.769
• 784
.799
.788
.677
.597
.566
.428
.341

0.759
.766
.793
.780
.803
.703
,637
,607
.475
.369

0.753
.771
.790
.779
.813
.718
.651
.619
.473
.377
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Table C.53 - Cont.

0
.020
.040
.060
.080
.100
•120
•140
.160
.180

0
.020
.04O
.060
.080
.100
.120
• 140
.160
• 180

0
. OZO
• 040
.060
.080
.100
• 120
• 140
.160
.180

Average particle size

_un

52.2

61.7

71.3

U

P

m/s

3.573

3. 496
3.240
2.935
2.502
2.170
I.771

1.475
1.061

.800

3.526
3.523
3.231
2.955
2. 560
2. 234
1.808
1. 526
1.090

.812

3.629
3.599
3.275
2.971
2.573
2. 285
1.911
I.592
I. 192
.931

112
2

(u')
P

m/s

0.77_
•760
.773
.776
.801
.713
•662
.628
•478
.391

O. 796
,771
.775
.788
.797
.700
.665
,631
.481
.388

.747

.732
•776
.765
.780
•699
.647
•623
.469
.382
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